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L I S T  O F  S Y M B O L S
a » oxygen concentration in secondary air, mole fraction
aQ « mols air/mols fuel in nozzle fluid,
a^  = theoretical air/gas ratio = i/a
A « rate of flow of secondary air, cu.ft./hr.
A^,Bn - constants in general solution of diffusion equation.
b *3 constant.
c = (instantaneous gas concentration at any point.
(specific heat, B.t.u./lb.F0
C = "net gas concentration" = Cg - C’a
= initial concentration of gas = 1/(1 + aQ).
Ca « air concentration at any point.
a »* " expressed as equivalent gas concentration.
Cg = ga,s concentration at any point.
Of a axial concentration of "nozzle fluid" at flame tip.
d a diameter, ft.
D a coefficient of interdiffusion of gas and air.
]} == " " . at room temperature.
E a emissivity.
G a rate of flow of fuel gas, cu.ft./hr.
h a heat transfer coefficient, B*t.u./ft^.hr.F0
H a heat transfer/unit length of tube, B.t.u./ft.hr.P0
Hc a convective " " " " "
Hr a radiant " " " " "
i a number of moles O2 combining with 1 mole of fuel
for complete combustion.
iv
= Bessel functions of zero and first order, 
k = conductivity, B.t.u. x ft ,/ft2.hr.F°.
K « constant in I) = B0 + KL.
L = flame length, ft.
n = integer, 1, 2, 5? ......
P,.Q = constants, various,
r = radial distance, ft.
t » time, secs. ■ ^
t^ = time to flow from burner to flame tip,, secs,
T = temperature, °R.
AT = temperature difference, P°.
v = mean gas velocity at height y, ft./sec.
V = velocity, ft./sec.
Va = air velocity,
Vg « gas velocity.
x = vertical distance below (horizontal) ordinate.
X 1 = " dimension of gas inlet, ins.
X" = » " air M
y = distance measured along flame, ft.
/3 - coefficient of cubical expansion.
Xn = ^positive roots of J-j (X2) = 0
(constant in general solution of diffusion equation.
H » viscosity, lb./ft.sec.
p = density, lb./ft.^
Dimensionless Groups
3 2 2 
Gr = 1 p tfgAT/u = Grashof Number
Nu = hl/k =
Pr ■ » oW/k =
Re = TIP/u =
ef - 4Bt/d2
Nusselt Number# 
Prandtl Number* 
Reynolds Number#
= MGeneralised Time
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STUDIES OF THE PROPERTIES OF DIFFUSION FLAMES
1
ABSTRACT
An exploratory investigation has been made of the combustion of 
town gas in a horizontal radiant tube of the type used by Gaz de 
France. ‘In this system fuel gas is introduced into the tube so 
that it flows along its upper surface as a turbulence free layer 
and air for combustion forms a layer beneath the gas flowing with it. 
By this means an extended flame is produced which results in a
fairly uniform temperature distribution along the tube.
/
The distribution of heat flux and temperature along a radiant 
tube was investigated at a number of different values of heat input 
and pressure drop in the tube.
The main part of this work was devoted to an investigation of 
the conditions inside the tu]bre. By solution of the partial 
differential equation for diffusion a further equation was developed 
for the gas concentration at any point in the tube (assuming no 
combustion).. Plots of this equation are presented for air/gas 
velocity ratios Va/Vg of 0.5? 1»0 and 1.5* The following equation 
for flame length in terms of the input variables of air and gas flow 
rates was also developed from this solutions-
L = 0.47 G (g) u 6 2  
D (I)
where L = Flame length (ft.) G = gas rate (cu.ft./hr.)
D « Diffusion coeff. (ins^/sec.) A = air n M
Experimental determination, of flame length showed that it 
increased with air rate at constant gas rate instead of decreasing 
as predicted by this equation.
Vertical traverses.of gas analysis were carried out for 
CO, COg and O2 at a number of points along the tube and when plotted 
as concentration '’contours*' showed marked similarity in form to 
those derived from the diffusion theory*
INTRODUCTION
The laminar diffusion flame type of radiant tube was developed 
by Gaz de France in order to provide a uniform temperature 
distribution without the necessity of using complicated pressure 
burners as in earlier American designs. Fuel gas is introduced 
without turbulence along the top inside surface of the horizontal 
radiant tube and, by reason of its lower density, remains at the 
topof the tube, mixing only slowly with secondary air by molecular
diffusion thus producing an extended flame* The mean tube wall
/
temperature is about 600°F and the infra-red radiation emitted is 
more readily absorbed by many surfaces, such as paints and varnishes, 
than is the shorter wavelength radiation resulting from direct flame 
radiation. This method of heating is also useful for substances 
which may be contaminated by town gas or its combustion products 
and in France has been applied to the baking of bread and to drying 
ovens among other uses.
Apart from showing that a uniform temperature distribution can 
be achieved in practice with complete combustion if the appliance is 
correctly adjusted the French workers do not appear to have 
investigated the heat output obtained, or the effects of varying fuel 
gas and secondary air rates.
This work is intended as an exploratory investigation to open 
the field for further work which could then be of a more systematic 
nature, for example a series of factorial experiments. As a 
preliminary to the experimental work a diffusion equation was 
developed, the solution of which enabled the theoretical concentra­
tion of fuel gas at any point to be determined. This equation
also led to an expression connecting the flame length with air and 
gas rates. The derivation of this equation is presented in Part 
3 and the earlier work on vertical diffusion flames from which it 
is developed is described in the literature survey (Part 2).
P A R T  1
5*
R E V I E W  O F  L I T E R A T U R E
1•1• RAPIART TUBES
In the form first developed by Surface Combustion Corpn, and
(1)British Furnaces Ltd. ' ' the gas flame was produced by a special
sealed-in pressure burner which gave a highly turbulent flame.
The (tribes, which were up to 120’ in length and 4” diameter, were
exhausted by means of steam or compressed air ejectors. Papers 
(2) (?)
presented at the Rational Conference on Industrial Gas 
Sales (U.S.A.) in 1937 describe some industrial applications of 
these radiant tubes. A continuous enameling furnace was maintained 
at 2800-3000°F in the hot zone and the' waste gases left at 750°F, 
utilising QCffo of the gross heat in the gas. An identical furnace 
with normal gas firing required twice as much gas.
In about 1946 Gaz de France introduced radiant tubes heated 
by laminar diffusion flames (4)(5)^ tubes described by Luchene
(6“9) were 0f Htjo/60” (i.e. approx. 2n B.S.P.) iron pipe, about 4 
metres (13 ft.) in length. The fuel gas was expanded through an 
orifice to reduce the pressure before entering the burner. FIG. 1 
shows two alternative arrangements, using either circular or UDM 
section burners. Secondary air was drawn in by means of a forced 
draught or flue at the downstream e.nd of the tube to form a layer 
beneath the gas. Mixing of the two layers took place mainly by 
molecular diffusion, the flame produced at the interface being 6-7 
ft. long for a gas rate of 30-50 cu.ft./hr. Duchene states 
that the normal gas consumption of a typical installation (a drying
oven containing three radiant tubes), was 40 cu.ft./hr. in each tube* 
The flue gases left at 624°E and contained 12.5$ CO2 and 0.0$ CQ, 
corresponding to zero excess air. An air temperature of 310°F 
was maintained in the oven* Incomplete combustion was prevented 
by introducing a small amount (50$ of gas rate) of primary air, 
and also by avoiding chilling the tube walls by water or cold air. 
This-was unlikely to occur in an oven where the temperature was 
maintained relatively high, but makes it difficult to apply this
method of heating for domestic purposes, Duchene (10-13) and
Prevot (^ 4) describe some further applications of radiant tubes.
Mixing of the gas and air in such a system is opposed by. 
buoyancy effects which are absent in vertical flames. The gas, which 
is introduced at the top of the tube, is less dense than the airj 
and since.the gas layer is thinner than the air layer the flame 
front is also in the upper part of the streams thus the heat of 
combustion will tend to accentuate the density difference.
Prandtl(38) ■ states that in such a system the effect of turbulent 
mixing would be to cause heavier layers to be lifted above lighter 
layers and vice versa. Part of the work available from the main 
flow for maintaining turbulence is thus used up against gravity, 
and hence turbulence is partly or completely suppressed.
1.2. CHARACTERISTICS OP DIFFUSION FLAMES 
1.2.i. Plame Length Theories
1.2.ii. Structure of Laminar Diffusion Flames
1.2.iii. Combustion in Vitiated Air
1.2.i. Flame Length Theories
Comparatively little work has heen done on the subject of 
diffusion flames, and most of this is summarised in three books, 
by Jost 05) f Lewis & Von Elbe^°\ and Gaydon & Wolfhard^^.
•Rnmmfli 0 9) > measured the mixing rates of cold gas mixtures
and of the Hot gases in actual flames and showed that the rate of
mixing was slower than the rate of reaction and therefore was the
^  (21) controlling factor, Cuthbertsonv ' showed that the length of
gas flames was increased by reducing the mixing rate, and decreased
/
by introducing primary air*
An empirical equation for flame lengths was deduced by
Rembert & HaslamO^) from their work on city gas flamess-
L = f(aQ)log Vg + </> (a0)log d + * (a0) 1*2 (1)
where d = port diameter, and f(aQ), /(aQ), ^(aQ) are constants
depending on the primary air/gas ratio. If the primary air supply
was increased, keeping the gas rate constant, the flame length
decreased showing that the length of a flame burning in secondary
air is determined by. the rate at v\rhich the fuel and air can mix*
(21 ^Cuthbertson' * showed that if the p-air is increased at the expense
of the s-air the flame length departs from the simple log relation­
ship, He also found that in furnaces where the s-air is also 
supplied at constant velocity through a ports-
L = f(a0)log V + f (a0)log d^log d2 + ¥ (aQ) 1*2.  (2)
where d^  and d^ a**© the diameters of the gas and air ports.
The first serious attempt to put the subject on a theoretical
(1 8^
basis was by Burke & Schumann who defined a diffusion flame as 
one produced when a stream of a combustible gas meets a second
stream of a gas capable of supporting combustion, so as to form a 
flame front. Under these conditions the rate of combustion is 
controlled by the rate of mixing and the rate of chemical reaction.
They solved the differential equations
6c = D(52c , X  &£.)
§t (5?  r $r.)
(6 1 80  ■■ , . A n  ( *- \— — p+ ---- / where v .
(for derivation see 
Appendix I)
c = conc. of combustible 
t = time
r = radial distance 
D = diffusivity
for a cylindrical flame burning in a tube, and also
§.2. = D 82ti„ 1.2. (4)
8 t 8 *
for a rectangular duct inside a larger one by making the 
following assumptionss-
(a) the velocities of the gas and air up the tube in the region
of the flame front are equal and constant ;
(b) the coefficient of interdiffusion of the gas and air is
constant;
(c) the interdiffusion is wholly radial, i.e. axial diffusion
is neglected;
(d) admixture of the two gas streams is by diffusion only.
The increase in velocity due to temperature will be opposed by a 
corresponding increase in the diffusion coefficient; thus errors 
due to (a) and (b) will tend to counteract. (c) is only valid
for long flames and (d) would also be in error for very short flames.
The flame front is assumed to be an infinitely thin surface where
the concentrations of gas and air.are in the stoichiometric propor­
tions for complete combustion*
V-
M
Since oxygen combines with fuel to form a neutral product 
it may be regarded for the purpose of mathematical analysis as 
"negative fuel". Thus the system is reduced to a single component 
if the effect of combustion products is neglected and concentration 
"a" of oxygen is equivalent to -a/i of gas. Positive gas diffuses 
into negative gas and the flame front is the surface at which the 
nettdponcentration of combustible is zero. The flame length is 
the distance from the burner at which the flame front meets the 
axis in an Mover-ventilated flame" or the outer wall in an 
"under-ventilated flame" (Fig# 2).
The solution of the cylindrical form 1.2* (1) gives the concentration 
of combustible:-
C =- CoX'2 - a + 2X'Co “ 1_ J,(XX') Jofar) exp (_ BX^y) 1-2 (5) 
X"2 i X" ' X (Jo(\X») )2 V
where \ is the nth root of the 1st order Bessel function J^(XX") = 0. 
The equation of the flame front is obtained by putting 0 = 0 ,  and 
r = x s -
v. _1_ Jo(\x) exp# _ DX*y) = X"2a - X’ ^q -.t— ^ \ % c. vo)
7 >  (jo(XX") V 2X»i0o 2
The shape of the flame front is given by the values of x & y 
satisfying this equation. The flame length is the value of y =  L 
when x =* o for overventilated flames and x = X" for underventilated 
flames*
Similarly, for the flat flame formed when the gas flows through 
a duct of width 2X*, the air flowing through an outer duct, width 
2X"t. the solution of the diffusion equation 1#2j(4) is:
10,
c ** OtOA* - & + 2C0 ” 2. s:Ln 22zdLL cos 1J7rr exp* )
•. x» i n- / n X" X" VX'2
1.2. (7)
Hence the equation of the flame front iss-
1  sin hwXf cos nwtc exp, (__ Dn^r2y.) = _  ( a..„ - X_L) 1#2, (s)
n x« X” VX" iCo X”
~"Burke & Schumann determined the mean diffusivity by measuring 
the axial concentrations of CO, CO2, and N2 for a CO/air flame*
The value of D was then found which gave the best agreement with 
the experimental curves when substituted in the theoretical equation. 
This value (0,104 ins. /sec.) was then used to calculate the lengths 
and shapes of other CO/air flames, with good agreement.
The equation for cylindrical flames was modified by Barr^22) 
to take into account differences between the gas and air velocities. 
He replaced assumption (a) bys-
(a1) the velocity of the air is constant over the annulus, 
and that of the fuel over the cone before diffusion 
occurs. Assume no momentum transfer, i.e, the air 
and fuel maintain their constant velocities as they 
penetrate each other.
This led to the following flame front equation:-
y J1(XX*) Jo(Xx) (exp.( DX2L) - iVg-exp. ( DX2L) )
' (Jo(\X«)V ( Va aVg (.%).)'
- X” - X* - iV^X* , %
   — 1.2.(9)
2X» aV„X"
11*
This equation suggested the parameters b/V (proportional to DL/Va), 
and the air/gas ratio (proportional to Va/Vg), and it was found on 
plotting these that the effects of .gas and air velocities on the 
lengths of small (less than 2”) calor gas flames were reduced to 
one curve. This experimental curve was followed closely if a diffu­
sion coefficient of 0*033 ins.2/sec* was substituted in the above 
equation* D was determined for each experiment and found to vary 
frpmjj*03 - 0.04 ins. /sec. Barr compares the calculated values 
of I) with a discharge coefficient which takes into account errors 
in the assumptions. It is noticeable from Barr’s results that 
the calculated values of D decreased 0.04 to 0.03 ins.^/sec# as 
the air velocity increased from 1*75 to 5*15 ins./sec. This 
suggests that the effect of air velocity on the flame length is
not as great as is predicted by the theory.
Hottel & Hawthorneconfirmed that the concentrations of 
fuel and oxygen fall to zero at the flame front, thus confining
the reaction to a narrow zone where both are in contact. They
analysed samples withdrawn from a cylindrical diffusion flame 
through stainless steel watercooled probes 0.015” i*d. Their 
results are shown diagramatically in Fig. 3* It was found that 
if the fuel curve was scaled down in the stoichiometrical O^/fuel 
ratio for complete combustion* its reflection continued the Og 
curve. Thus, for the purpose of diffusion calculations, fuel 
may be replaced by "negative'Og” and the system is reduced to one 
component if the effect products of combustion can be neglected.
This justifies one of the assumptions made by Burke & Schumann,
Hawthorne, Weddell & Hottel developed a simple correlation
12,
by considering the scale effects of mixing gas and air in two 
pairs of concentric tubes. A similar argument was used by Lewis 
& von Elbe^^ for rectangular ducts (Fig. 4)* In the first 
du<?t, width d^  , the concentration og gas is shown at the point 
where mixing begins and again at distance downstream* In a
similar duct, width dg, with the ratios of areas and velocities
of the two streams the same as before, let L2 he the distance at
dy ■■
whiclLthe same centre-line concentration is reached as at L-j in
tube 1. The rate of mixing in any region is proportional to the
/
area normal to the direction of mixing, the concentration gradient, 
and the diffusivity. Since the concentration curves are scaled 
in proportion to d, the ratio of the concentration gradients is
(1 /d-j )/(1/dg) • ' Hence the ratio of mixing rates in the two ducts
to the corresponding points L-j and Lg is;-
Li.(l/di). D 1 or L 1 a
r  m 7T> j - i - i  1.2. (10)
2  ^/ 2) 2 l2d2 dl
The ratio of the amounts of gas to be mixed in unit time is the 
ratio of the quantities flowing, i.e. diV^/dgVg an<^  this must equal 
the ratio of the mixing ratesg-
h a -D-f dQ.d^V>. P
-J  -T .2 = — LI or L oc d V 1.2. (11)
t . T) d d V
h 2 2 1 2  2 D
This is of the same form as the equation derived by Hawthorne et al.
for cylindrical flames, taking d as the tube diameter. The
diffusion coefficient is constant in both cases and so the
following proportionalities are obtainedg-
Cylindrical Flames,
L “ Volume Flow, d^V.
Flat Flames (rectangular slots),
L oc (Volume/unit slot length, dV) x (Slot width, d)
Lewis & von Elbe showed that both these relationships are in 
agreement with Burke & Schumann’s experiments# For cylindrical 
flames the ratio L/gas rate was approximately constant and also 
increasing the tube diameters in the same ratio, keeping the volume
flows constant, did not affect the flame length. Similarly for
^  • ■ ' 
flaf^flames, for a given volume flow per unit slot length, the flame
length was approximately proportional to the slot width, d.
Jost^^) used the equation for the mean square of displacement
at the flame tip due to diffusions -
d2 = 2Dt 1.2.(12)
where t is the time for the gas to flow
d from the burner mouth to the flame tip,
which is the point at which the air
penetrates by diffusion to the top of
the gas layer in the system shown (Fig. 5)* The
average depth of penetration is then approximately d. If the
velocity is constant, L = Vt and hences-
l = # 1  1.2. (13)
2D
which is the same as the equation of Hawthorne et al. except that 
the proportionality factor has been determined. This equation 
will give an order-of- magnitude estimate of L,
Hottel & Hawthorne^^ and Wohl, Gazeley & Kapp^®^, working 
independently, applied Burke & Schumann*s treatment to open cylin­
drical flames, i.e. flames burning unconfined in the atmosphere.
Gas
Air
FIG. 5
14#
The solution of the diffusion equation gave the axial concentration 
of "nozzle fluid" at the flame tip, Cf ass-
= 1 - exp, (-1/40 .^) 1.2. (14)
where Qf is the "generalised time" defined ass-
Gf = 4 / d '1*2. (15)
Cf can be calculated in terms of the stoichiometric air/gas ratio 
af and the ratio aQ of moles of air to moles of fuel in the nozzle 
fluid:-'
^f * (1 + a0)/("I + a^ ) 1.2.(16)
Hence 0f = -4 ln.((l + aQ)/(l + a^)) 1,2.(17)
r H  L
But ef » 4 Dtf/d2 = I dt * J_D f dy 1.2. (18)d^ J d2 J Y
V
If V is constant the flame length is«-
L = Vd2©f “ O' ef 1.2. (19)
4B 77* D
which is the same type of proportionality as 1.2,(11 & 1j) and so
is in agreement with Burke & Schumann’s work on short flames. The
relationship was found to be non-linear for longer flames as the 
velocity depends on a balance between viscous drag and buoyancy 
forces.
Hottel & Hawthorne(2 )^ found the empirical formulas -
L » P log G©f + Q, 1.2.(20)
where P & Q, are independant of flow and diameter. By dimensional 
analysis they established a similar relationship using the Grashof 
number d^p^gAT/ju 2 which is involved in problems where there is a 
balance between viscous and buoyancy forces. Rembert & Haslam’s 
empirical relationship 1.2,(1) can also be reduced to this form
15.
if /(a0) = 2 f(a0). This is confirmed by their experimental 
data*
It should be noted that in the case of a horizontal radiant 
tube of the type considered in the present work, buoyancy for#as 
act normally to the viscous drag and so it should be unnecessary 
to bring the Grashof number into the problem.
(28}Prom their experiments on city gas flemes Wohl et al
' ' A-'found an empirical expression of the type?-
L = ________1__________  1 . 2 . ( 2 1 )
P//G + Q/G 7
In the solution of the diffusion equation it was assumed that 
I) & V are both constant, whereas in fact they both increase with 
height due to the increase in the mean temperature. D increases 
the most rapidly, and so the same overall effect would be obtained 
by assuming that only D changes. They assumed that D increases 
uniformly with flame height
D = DQ + KL 1.2.(22)
where DQ is the diffusivity at room temperature. The second 
term is always much larger than the first.
Substituting in 1.2.(19)*-
L = 1 ■________
i-JLK + 4 ”• Bn 1.2. (23)
G0£ GQ^
On plotting L against log GOf (Pig. 6 ) it is 
found that the straight line 1.2.(20} fits experimental 
data better for longer flames but the curve is better 
for short flames (under 11' where the linear equation
r 1: 2 ■ ■ "T ■ ’
L (ft.) is invalid.
FIG# 6
j*
o 2.1 .(18)
' W.G. + K 
2.1 #(21)
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This fact' was pointed out by H o t t e l »(30) wh0 also in his 
comparisons of the two papers showed that they are similar in the
following respectss-
(a) for a fixed volume rate, L is independent of diameter!
(b) allowance for the effect of air requirement of the fuel 
is made through which depends on the stiochiometric 
air/gas ratioj
(c) L is a function of G ©f, the function being such as to
x
require two empirical constants#
The nomenolature in the above equations is that of Hottel &
Hawthorne in order to avoid confusion# Hottel showed that the
nomenclature used by Wohl et al was basically the same, although
different in appearance.
(25)
Barr has pointed out that it is necessary to distinguish
between open and enclosed flames. His original measurements of 
(22)
flame length showed deviations of up to \Ofo from the theoretical 
values but, working over a wider range, he found a systematic 
error. He considered the diffusion theory to be inadequate but 
his measurements suggested that, especially with high air/fuel 
ratios, the chief source of error was the neglect of momentum 
transfer. Instead of assuming that D increases with height, Barr 
suggested that the spread of fuel into the air caused a decay of 
velocity along the axis of a (cold) open jet. Let v, the ‘’mean 
velocity at height y" be given bys-
v = 1 e 1.2.(24)
where b is constant for a given fuel and atmosphere.
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1.2.(25)
1.2.(26)
1.2.(27)
Barr found that this expression combined the two relationships 
established by Hottel & Hawthorne since at low flow rates it tended 
to the form of 1.2*(19) and at high rates the correlation with L 
was as good as 1.2#(20).
1.2.ii. The structure of laminar diffusion flames has been studied 
spectroscopically by Wolfhard & Parker(^1)^ using a special flat 
flame burner (Pig* l) • The air and fuel were fed at equal velocities 
from two parallel rectangular ducts (2" x 0.3") having the long side 
common to both* The flame front developed at the interface between 
the two vertical streams was stabilised by surrounding the system 
with a stream of Nq* By this means an edge-on view of the reaction 
zone was obtained under conditions suitable for the examination of 
both emission and absorption spectra. Two separate zones were 
observed in hydrocarbon flames. On the fuel side there was a band 
of luminous soot particles and on the Og side a blue continuum.
This band coincided approximately with the maximum gas temperature
The time for the flame front to close into the axis is?
.tjf L L
tf » j dt = j dy = j ay
cr op -v . o V exp. (-by)
bV
Combining 2.1#(1J & 25) givess-
^  B = i in.r 1 + bG6f )
b > WD
which simplifies tos-
L = P In. (1 + QG)
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and also the point at which the oxygen concentration falls almost 
to zero and so was probably the main reaction zone* No carbon is 
formed in this zone, but, according to Comerford (32), the heat 
generated by combustion is transferred to the unaerated fuel where 
carbon is formed, probably by pyrolysis# This theory is supported 
by the wide separation between the luminous zone and the main 
reaction zone in the flat flame burner* Wolfhard & Parker consider 
the luminous band to be a flow streamline as the heavy carbon particles 
are unlikely to diffuse. Comerford produced a stream of soot 
particles by passing propane through a heated silica tube and 
measuring its "spectral emissivity", at the effective wavelength 
\ of the pyrometer used. was very sensitive to temperature
and increased from 0*2 - 0.6 as the temperature increased from 
1830 - 1890°P* The contact time also affected the emissivity but 
at 1830°P d was only 0.2 after 0*95 seconds* Premixing the 
propane with air caused a steady reduction in luminosity.
1.2.iii. Combustion in Vitiated Air
In the present problem as combustion proceeds along the radiant
tube, the air becomes progressively more vitiated. Vitiation was
defined by Barr(22) as contamination of air by products of a previous
combustion within it, and the corresponding reduction of oxygen
(concentration* This definition was later extended by Mullins 
to include addition of any gas which is neither fuel nor o xy ge n•
Under these conditions the combustion characteristics of flames 
show marked changes.
Mastermanj Dunning & Densham^^) noted a fourfold increase in 
area of luminous' town gas flame on reduction of the oxygen supply,
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the colour changing from white to blue before the flame was finally- 
extinguished. Combustion may be complete up to the point of 
extinction provided that flame contact is avoided. Flames were 
extinguished in atmospheres containing 4-7$ CO2 although in an 
appliance such as a domestic water heater combustion can be maintained 
in an atmosphere containing up to 10$ CO^* In vitiated air, however,
the initial stages of the combustion occur in an atmosphere which
Ch':
becomes^progressively deficient in oxygen and the critical condition 
at the base for extinction probably coincides with complete absence 
of O2 at the flame tip. Campbell^ Gumming & Horn^^)^ working with 
acetylene, observed elongation of the flames, reduction in luminosity, 
flame lifting, and eventually extinction. Vitiation of the air fed 
to calor gas flames by precombustion with CO was found by Barr & 
Mullins(23) -{jq give large unstable flames, the flame colour changing 
progressively from yellow to blue* Vitiation of the air supply to 
kerosene flames changes the colour from yellow-blue or yellow to 
salmon-pink or whitish orange.
( 21 VCuthbertson1s workv ' showed that slow mixing of the air and
(*>7)gas moreased the excess air requirement and Rembert & Haslam'-"' 
found that if the excess air supply to a flame was reduced below a 
certain value, the flue gases contained unburnt gas and free oxygen 
so that at some point the temperature of the reactants must have 
fallen below the ignition temperature. It seems more probable that 
the explanation is dilution of the reactants with nitrogen and 
products of combustion so that the mixture is below the limit of 
inflammability. They also showed that the ratio air utilised/air 
supplied reaches a maximum when plotted against air supplied, the value 
of the maximum depending on the port diameter and the gas velocity*
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P A R T  2
S C O P E  O F  T H E  P R E S E N T  W O R K
It was apparent from the review of literature that work on 
radiant tubes of the Gaz de France type had been mainly of a 
development nature. Apart from showing that complete combustion 
could bq attained by use of 50$ primary air and avoidance of 
chilling the tube, the only investigation made on the system appears 
to have been the measurement of tube wall temperatures*
It was proposed first to simplify the problem by using only 
secondary air for combustion, even though incomplete combustion 
would result* The apparatus was to conform as nearly as possible 
in dimensions to the French appliances already described, and for 
this reason the radiant tube was of 2" B.S. pipe 12 ft. long, and 
the P-section burner about 0*2” in depth. This burner was chosen 
in preference to one of circular section in order to minimise 
entrance effects due to change in shape of the gas stream. It was 
also considered that the P-section burner would lend itself better 
to a mathematical analysis of the system.
Theoretical work on diffusion flames has been mainly devoted 
to calculation of the lengths of open flames where the only flow 
variable is gas rate. The determination by Burke & Schumann of 
flame front profiles for systems having circular and rectangular 
burners was also restricted to a single flow variable since they 
assumed that gas and,air velocities were equal. The development 
of this theory by Barr to cover the general case where these 
velocities are unequal was only for cylindrical burners and so
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cannot be applied to the present system. His work was devoted 
entirely to flame lengths and did not make any predictions about 
conditions before the flame tip.
In order to place the combustion conditions in a radiant tube 
of the type under consideration on a theoretical basis it was first 
necessary to develop an equation for the gas concentration at any 
point in the tube. The assumptions of Barr and Burke & Schumann 
were adhered to and the derivation of this equation is presented in 
Part 5 together with the enumeration of the infinite series which 
results. This solution is not restricted to conditions at the 
flame front or tip, as were the previous ones, but is perfectly 
general for air/gas velocity ratios Y  ^ Y  ^ of 0,5» 1*0, 1,5* The 
resulting flame length plots cover the whole range of velocity 
ratios.
The first stage in the experimental investigation was to find 
out if a stable flame was obtained over the whole range of flowrates 
and, if this were not so, to attempt to postulate an explanation 
for any phenomena observed.
Although the main part of this work was to be concerned with 
conditions inside the tube it was decided to measure the distribu­
tion of heat flux and temperature by means of sectional calorimetersf 
Direct water cooling was avoided in the design since the system had 
been developed as a source of radiant heat and it was desired to 
simulate normal operating conditions as closely as possible. Also 
it was feared that overcooling the tube might result in poor 
combustion. For these reasons the sectional calorimeters were to 
enclose an annular air space surrounding the tube. Thermocouples
22#
for measurement of the tube wall temperature were to be fitted at 
suitable intervals along the tube.
For purposes of comparison the theoretical heat transfer from 
the tube wall to the calorimeters was determined for a number of 
values of wall temperature and the results of this calculation are 
presented in Part 5*
Investigation of conditions inside the tube had therefore to be 
carried out through probe tubes inserted in the gaps between the 
calorimeters. These gaps were kept as small as possible to 
minimise heat losses. The probe tubes were to be used for visual 
estimation of flame length, measurement of pressure drop in the 
tube, and for taking samples during the vertical gas analysis 
traverses. These traverses could be used to build up a complete 
picture of C02? CO, and O2 concentration on a vertical plane through 
the centre line of the tube.
25.
P A R T  5 
T H E O R E T I C A L
3.1. DEVELOPMENT OF DIFFUSION THEORY 
3.1#i. The General Equation.
Enumeration of the General Equation.
3*1.i. The General Equation
dT j
It^is now proposed to develop a general equation for the 
ooncentration of fuel gas at any point in a radiant tube of the 
type under consideration and from this to deduce an equation 
connecting flame lengths with gas and air rates. The method to be 
used is that of Burke & Schumann^ as modified by Barr(22) 
cover the general case where gas, and air velocities were not equal. 
Barr only considered cylindrical flames and so it will be necessary 
to apply his reasoning to flat diffusion flames.
In order to retain two-dimensional mathematics it will be 
assumed that the cross-section of the radiant tube is rectangular 
and not circular. . Although the flame is horizontal, the usual 
nomenclature will be retained, i.e. flame length is measured along 
the ordinate (horizontal), and the gas diffuses vertically downwards 
in a positive direction. The ordinate lies along the top of the 
burner and vertical distances below the ordinate are x » +ve.
The law of diffusion for a flat flame (see Appendix 1) is*-
D 1.2. (4)
6* 8 x2
Assuming that the velocity is constant in the region of the flame 
front, y = Vt. The expression then becomess-
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■ &2. = 1 2. JLO 5.1 - (1)
8y v 8 x2
The solution of this equation and the substitution of end conditions 
is dealt with more fully in Appendix 2, the expression obtained for 
the gas concentration at any point in the tube (for equal air and
gas velocities) being as follows:-
C™ = ■5c02.' + Co v 1 sin rtfTX' Cos fcirtc exp (_ VrPifiy) , 1
. ^  X" Z  > n X" X" ( VgXi;2 ) >
Air (velocity Va, initial concentration 1.0) diffuses upwards to 
meet the gas. Hence, if the diffusivity is the same in both 
casess-
“ 1 - -8'^  - 1 y 1 sin nwXH cos mrx exp. (_ Dn^r^y) 3.1 • (3)
X2 7T ' n XM X" ( VaX"2 )
This may be expressed in terms of the concentration of gas which 
is equivalent to concentration Ca of airs-
= a? . C 3*1.(4)
a a * a
iV
g
The "nett gas concentration" C is the excess of gas over air
(when negative it represents excess air in terms of its equivalent
gas concentration);-
C - 0g-c.
- Cg _ a V ° a  3 . 1 . ( 5).
iVg
Hence 3,1,(2) and (3) can be combined into a single expression which 
is the general equation for the gas concentration at any point in
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the tu’ es-
C =* 1_ 2 ~ s^n n7r^ f cos •n<7ra: exp*
a^ a exp*
3-1.(6)
(For the case where C0 = 1.0, i.e. no primary air).
(T/jp
At the flame tip y = L, C = 0 and x = 0 (for an " oververitilated" 
flame). The flame length is thus the solution ofs-
The form of this equation is similar to that derived by Barr 
for cylindrical flames except that the Bessel functions in his 
solution are replaced by trigonometrical functions owing to the 
different form.of the diffusion equation for flat flames. The 
method of solution of this expression is given below and the results 
are shown in the form of a plot of DL/V against Va/V (Fig. 8).
6 o
As suggested by Barr, this reduces the effects of gas and air
(
velocities to a single curve. A logarithmic plot of these para­
meters (Fig. 9) is approximately linear and leads to the following 
relationships-
It n 0.092 Vg (Vg)1*62
P (Va)
3-1.(8)
26#
or, in terms of - flowrates:-
L = 0.47 o (g)1'62
D (A)
A separate plot (Fig.10) shows the effect of Va on the flame length 
at a number of gas rates. As may be expected, the predicted effect 
of increasing the air rate is to reduce the flame length owing to 
the increased rate of mixing.
The type of proportionality L oc G/b,which has been deduced by 
various workers for enclosed cylindrical and flat flames, and open 
cylindrical flames, ( 1•2. (11),(13),(19)>)> is in good agreement 
with the theory of Burke & Schumann. Buoyancy forces are neglected 
in the various derivations of this proportionality, but, as pointed 
out on p.15 they should not enter into the problem of a.horizontal 
flame and so the relationship should be applicable to this case.
It does not, however, take into account the effects of varying 
the air/gas ratio, as does the expression developed above.
3»1*ii. Enumeration of the General Equation 5.1.(6)
The first step was the summation of the seriess-
by substitution of the dimensions of the radiant tube under 
consideration, i.e. X! = 0.2M, X" = 2.0". This was carried out 
for values of x of 0*0M, 0.2”,'0.4%  1.0%  2.0%  and of the group
2 21 sin nwX1 cos nwx exp.( Bn nr y) 
n X" X" ( 'VX"2)
3.1.(9)
By/V of 0.002, 0.00%  0.01, 0.02, 0.05, 0.10, 0.20, 0.50, & 1.00.
The dimensions of this group are (ins.)^ , i.e. B ins.^/sec., y ft., 
V ft./sec. This summation was taken to the third place of 
decimals, and for this degree of accuracy it was necessary to
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include 19 terms for Dy/V =* 0.002. The complete calculations 
are shown in TABLE i for Dy/v =0.05.
Substituting C0 = 1.0, equation =5^ 1«(2) becomes:-
Gg = 0.050 + 1 s ‘ 5.1- (10)
7T
The results of this estimation are shown in TABLE 2 and plotted 
against Dy/V on linear and log scales in Figs. 11 (a,b,c,). For 
given values of I) & V these curves show the variation of C~ along 
the tube at the five levels of x to an arbitrary scale in y.
The concentration at the top of the tube (x = 0) falls rapidly at 
first and then meets Cg = 0.05 assymptotically with the curves
for the other levels. The curve for x = 0.4U has a maximum at
Dy/v = 0.06, and corresponding points of inflection are shown up 
on the other curves by the logarithmic plot. The value of Cg 
at x = 0.2,!, Dy/V = 0 has no meaning as the point is on the 
boundary between the two layers. The theoretical curve for 
x = 0.2 reaches a maximum value of Cg = 0.25 at Dy/v = 0.01 and then 
remains approximately constant down to y = 0.
Fig* 12 shows concentration profiles corresponding to
vertical gas analysis traverses at various points along the lengths
/■ '*
of the tube. From these curves, and also Fig. 11 it is possible 
to plot concentration contours and this has been done in Fig. 15*
If Dy/va is substituted for Dy/V in the above estimation 
the corresponding concentration obtained from Figs. 11 & 12 will be 
(1 ~ Ca) - see p*24« Substituting Ca into 5*1..(5) and also
the corresponding value of Cg for a given Va/Vg, gives the Mnett 
gas concentration”, C. This has been carried out for a-5 = i/a =
4*5 and for values of Vg/Vg of 0.5, 1.0 and 1.5 and plotted
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against Dy/Vg in Pig*14* Concentration contours are shown in 
Pig* 15 which also show the flame front at C =0.,
3,1.iii. Solution for Flame Length.
If the effect of Vg/Vg is negligible, the flame length may 
be obtained in terms of D and Vg from Pig. 11, e.g. for a-fc = 4*5»
Cg = 0,182 and hence from Pig. 11s —
Dy/Vg => DL/V '» 0.089
therefore
L = 0,089 Vg 3*1* (11)
I)
The effect of V^/V^ on C (according to Barr’s theory) isU' g
expresseds-
c = c„ _ £5a*ca 3 .1 . ( 5 )
which may be equated to Eero at x = 0, y = L.
In order to solve for L it is necessary to use a method of 
successive approximations as follows?-
e.g,, for DL/Vg = 0.2 (x = 0), from Pig. 11, Cg = 0.124*
Assume that the condition which will give this flame length is
Va/Vg « 0*60. Hence the corresponding value of DL/Va is
DL/Va = DL/7g = 0.2 » 0.355
V V g
Prom Pig. 11 (1 - Ca) = 0.092 and Ca » 0.908* Substituting this 
in 3*1•(5) above
w ? s = i£.g = 4.5 x 0.124 = 0.615
aCa 0.908
The complete results are shown in Table 3 and plotted to 
linear and logarithmic scales in Pigs. 8 & 9. The logarithmic
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plot is approximately linear:-
L - 0.092 _ S[g2-62 ?>1.(8)
D Va U 6 2
2which for a 0.5 in. burner may be expressed:-
/ J - 62 
L = 0.47 £ (i)
B (A)
The effect of A on the flame length according to this theory is 
shown iii< Fig. 10 where L is plotted against A for a number of values 
of Or assuming a value of 0.2 i n s . ^ / s e c .  f0r D.
The above equation reduces approximately to 5«1*(11) if the 
power of Va/Vg is made equal to zero. The slight disciepancy is 
due to the non-linearity of Fig. 9.
5.2. CALCULATION OF HEAT TRANSFER FROM TUBE TO CALORIMETERS 
5«2.i. Natural Convection.
5.2.ii. Radiation.
The transfer of heat from the radiant tube to the calorimeters 
takes place by both radiation and natural convection. Its 
determination in terms of the tube wall temperature must be carried 
out in two parts and the total heat transfer found by addition.
3*2.i. Natural convection.
By dimensional analysis it can be shown that the transfer of 
heat by convection is expressed by the following relationship 
between dimensionless parameters
Nu « (Re)a (Pr)'b (Gr)c 3.2.(l)
(Fishenden & Saunders, ^0) Qjlap# ill), where:-
Nu = hl/k » Nusselt Number, a dependent variable 
involving the heat transfer coefficient, h.
Re * Vlp/jU = Reynolds Number which indicates the degree 
of turbulance of the fluid*
Pr « c/i/k = Prandtl Number, relating the viscous and thermal 
properties of the fluid*
G-r = l^p2/9gAT/-/i^  =  Grashof Number which expresses the 
relative effects of viscous and buoyancy forces*
In the case of natural convection the motion of the fluid
is due1 entirely to the temperature difference and so the forced
velocity, V, and hence Re become dependent variables. The above 
relationship then becomes:-
Hu « (Er)b (Gr)° 1 3-2. (2)
Theory indicates that unless Pr is very small only the 
product. (Pr x Gr) need be considered, provided the velocities 
involved are fairly small (i.e. streamline flow). For gases Pr is 
almost constant and so may be neglected, but it is usually included 
as the results then apply equally to liquids (Ref. 40, Chap. V).
A plot of log Nu against log (Gr Pr) for concentric horizontal 
cylinders with d /d = 6"/2*4" = 2*5 (Ref* 40, p*104) gives the 
following relationships -
/ v O . 2 5  . s
Hu ==0.23 (Gr Pr) 3.2.(3)
the characteristic linear dimension being the diameter d of the
inner tube. This may be expressed:-
31 •Therefore the heat transfer by convection per unit length of *
tube iss-
h0 = 0.23 fl-k (a ^ ^ c g )0*25 Ai1,25 3.2.(5)
( )
For air up to a surface tonperature of 1500°F (Ref: 40? P*98) it 
is found that this reduces to:-
E o » 0.50 x 0.23 ^ AT1,25 d°#25 
. '
m Q«1°8 AT1-2  ^ B.t.u«Vft.hr. 3-2. (6)
(d =*2.4" = 0.20*)
3.2.ii. Radi ation ->
The heat transferred by radiation between two bodies at 
temperatures T^  and iss-
H = 0.173 x 10~8 E(t| - T^) B.t.u./ft.2hr. 3*2.(7)
where E is the ’’effective emissivity”, combining the emissivities 
of the two bodies. Fishenden & Saunders (40) Chap. I states that 
the effective emissivity of two concentric cylinders iss-
E1E2 3-2.(8)E =
E + E - E E  1 2 1 2
The following emissivities are also listeds-
Tube Wall - "Oxidised steel after long heating”, 
E1 =0.93 (500°P)
Calorimeters - "Rough steel plate"
E2 = 0,94 (100°F)
Effective Emissivity, E = 0.94
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Therefore the heat transfer by radiation per unit length 
of the tube iss-
Hr = 0.173 X 10"8 X 0.94 (?t - if) Xjr X 0.2
= 0.100 X 10~8 - if) B.t.u./ft.hr. 3.2. (9)
The heat transferred by convection and radiation was . 
calculated assuming a mean calorimeter wall temperature of 80°F 
(Table 4) an(i 'th® total heat transfer was plotted against0 tube 
wall temperature in Fig. 16*
i.(S>
C4-dCQ
x
13U
x>
v'-i ,M |P
Fi&. 17 (b).
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P A R T  4 
E X P E R I M E N T A L
4.1. DESIGN OF APPARATUS
4.1.1. The Radiant Tube*
4,1#ii# The Calorimeters.
4#1,iii. The Gas System#
The general assembly of the appartus is shown in Figs# 17 & 18.#- 
It consisted mainly of the radiant tube with the associated .gas 
system, and the calorimeters surrounding the tube, these being 
connected to the water system# c
4• 1•i• The Radiant Tube
This was of standard 2" B.S.P# pipe, 11'6" long. For the 
first 8’ of its length it was surrounded by the calorimeters, which 
also served as the means of support. At intervals of 1, 2, 4, 6, 8, 
9, 10 and 11ft. from the inlet end, the top of the tube was drilled 
and tapped -J-” B.S.W. to receive eight vertical mild steel tubes
0.25" o.d# x 16 s.w.g. for the purpose of pressure measurement and 
gas.sampling for analysis. (The first four of these tubes were 
situated between the flanges of adjacent calorimeters). They were 
also the only means of observing the flame in order to measure its 
visible length#
A tee-pi©‘ce was screwed on to the downstream end of the radiant 
tube, the vertical branch going to the flue (also of 2" B.S.P.) 
while the other horizontal branch was fitted with a glass window, 
facilitating observation of the flame tip.
The waste gases were exhausted by means of an air ejector
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driven "by a -J- h.p. pump* The air supply to the ejector could he 
varied (by means of a screw clip on the inlet side of the pump) 
and this enabled the draught, and hence the secondary air rate, 
to be controlled over a wide range# The outlet of the flue was 
carried outside the building as at times the waste gases contained 
a high concentration of carbon monoxide. The draught was found 
to be considerably affected by gusts of wind, especially at low 
secondary air rates, but this effect was reduced to some extent by 
fitting an open tee on the top of the flue outlet.
4.1.ii. The Calorimeters
c
These were five in number and covered the first 8 feet of the 
radiant tube. The two calorimeters nearest to the burner were 
12ins. long as rapid changes in conditions normally occur in this 
section of a flame, where the gases are heated up from the ambient 
air temperature to the final flame temperature. The remaining 
three calorimeters were each 24ins. long.
The construction of the calorimeters is shown in Fig. 19*
It will be noted that an annular air space is left between the 
radiant tube and the inner wall of the calorimeters. The French 
workers found that cooling the tube with water or cold air resulted 
in poor combustion and the use of this air space was an attempt 
to simulate conditions in an oven. The heat transfer across this 
annulus was by both radiation and convection and has been considered 
theoretically in section 5*2.
Each calorimeter consisted of two concentric tubes of 16 s.w.g. 
mild steel, 6” and 10" o.d., the flanges at the ends being 12" 
square. At one end of the calorimeter the flange continued into
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the air space, a 2-g-" diameter hole being cut for the radiant tube, 
leaving -g-" clearance all round. The purpose of this was to 
minimise the effects of cross-radiation from one calorimeter section 
to the next. At the other end of the unit the inner tube was con­
tinued -J-" beyond the flange, a slot being provided in this extension 
to accommodate the sampling tube. The spaces between adjacent 
flanges were packed with cotton wool to minimise heat losses and 
heat interchange between adjacent calorimeters.
Preliminary calculations showed that the radiant tube, when 
heated to working temperature, would expand by about -J-1' over its 
length. Thus, in order to maintain the alignment of the sampling 
tubes it was necessary that the calorimeters should move individually 
with the tube. This was achieved by supporting the calorimeters 
on two horizontal • lengths of -J-” B.S. tubing lOg-" apart, bolted to 
the steel angle framework of the apparatus. Location of the 
calorimeters was by means of 1" diameter semicircular slots in the 
lower edge of the flanges, whioh rested on the "rails". The 
radiant tube was supported by, and locked to, the calorimeters by 
means of 2-g" i.d# centreing rings bolted to the flanges as shown in 
Fig* 19 (except for the first calorimeter, to which the burner was 
bolted). By adjustment of the three set screws in this ring it 
was possible to ensure that the tube did not come into direct 
contact with the flange or ring. Thus, heat transfer by conduction 
could only take place across the points of the screws.
The water inlet and outlet to each calorimeter were -J" B.S.P. 
sockets welded into the outer shell at opposite ends, the inlet 
at the bottom and the outlet on top. The outlet was connected to
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a tee-piece, the horizontal arm of which went to waste. The other 
arm carried a thermometer which was in contact with the water in the 
tube. Circulation of water in the calorimeters was ensured by vert­
ical baffles as shown (4 in the 24” units and. 2 in the 12" units).
Water was supplied to the calorimeters from a constant head 
tank, the water level in which was maintained'by means of a ball-cock. 
The outlet from the tank (1M B.S.P.) was led alongside the calorimeters, 
the connections being of 74" i.d. copper tube which were bent in a 
large loop in order to take up the movement of the calorimeters.
The water supply to each calorimeter could be individually controlled 
by means of plug-cocks on the inlet side, and there was^also a 
master valve.
The water inlet temperature was indicated by a thermometer in 
a •J-” tee fitted to the side of the tank, - a flow of water past the 
thermometer bulb to waste ensured that the true temperature of the 
tank was recorded.
The outer shells of the calorimeters were lagged with asbestos 
sheet to reduce heat losses.
4*1*iii* The Cas System
The pressure of the gas supply was kept constant by means of a 
governor of the weighted diaphragm type which was set to give an 
outlet pressure of about 3” w.g. Tees in the 1" supply pipe before 
and after the governor were connected to vertical water manometers 
in order to check the working of the governor. The gas then passed 
to the meter and through B.S. pipe to the burner. The control 
valve was in this section, followed by a ■J-" diameter reducing orifice 
which was fitted into a specially modified B.S.P* union. The
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The purpose of the orifice was to throttle the gas to the low 
pressure required at the "burner.
Three D-section burners of the Gaz de France type were made 
from 2" B.S. pipe and steel sheet welded together, the areas of 
cross-section being 0,20, 0.30 & 0.45 sq.ins* The fourth burner 
(shown in Fig. 20) incorporated an air inlet to ensure that the
direction of flow of the entry air was parallel to that of the
gas, thus reducing entrance effects in the region of the burner
mouth. The area of this burner was 0.30 sq.in., approximately 
the same as that used in the French installations.
4.2. INSTRUMENTS r
4»2.i. Temperature Measuring Instruments.
4#2*ii. Gas Analysis Instruments 
4«2.iii. Ascot Casella Micromanometer 
4*2.iv. Gas Meter
4*2.v. Calyx (Total Air Requirement) Burner
4«2.vi. Aeration Test Burner 
4»2.vii. Bell-type Gravitometer
4*2.i. Temperature Measuring Instruments
Thermometers of the normal 0v100°C type with divisions of 
10° were used to measure the temperature of the water entering 
and leaving the calorimeters. They were calibrated in ice, steam, 
boiling chloroform (61.15°C at N.T.P.) and carbon tetrachloride 
(75.72°c).
Thermocouples of Copper/Constantan were used for measuring 
the tube wall temperature as they are suitable for use at temperatures
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up to 450°C (850°F)- Th<^ were made from 30 s*w*g» glass-
silk covered wire, the ends, being joined by twisting together
and then electric welding in a. stream of town gas to prevent
oxidation- The tips of the couples were inserted into 1/32”
holes, deep drilled in the tube wall, and then centre-
punched round to secure them in.position and also ensure good
thermal contact. They were arranged in sets of 3 at intervals
of 12” along the tube (starting at 6” from the burner), one
couple being on top of the tube, one on the bottom, and one
on the side, in order to obtain a good estimate of the mean
tube waL 1 temperature at each point, together w^th a picture
of the temperature distribution around the circumference of
the tube As the flame remained at the top of the tube it
vrns anticipated that there might be an appreciable temperature
gradient round the circumference of the tube*
The leads from the 84 thermocouples were taken to a -
wafer-switch having 6 banks of10 contacts, alternate banks
being used for copper and constantan leads- There were
three common cold junctions on the constantan leads from this
switch- The copper leads were also led through the Dewar
flask containing ice in order to eliminate e.nuf.’s generated
by the Thomson Effect due to temperature gradients along a 
(39)uniform wire v • The three pairs of leads from the 
Dewar flask were taken to a second wafer switch having 2 
banks of 3 contacts and then to a potentiometer with an 
accuracy of 0 01 mV» The 8 sets of contacts in use on the 
first switch selected the number of the section (i*e» the
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distance from the "burner) and the second switch selected the 
position of a couple (i e- top* side* or bottom) at the given 
section*
Three similar thermocouples were calibrated in steam 
and also in a sand bath against a standard Pt-Pt/L3%Fh 
thermocouple* The readings obtained lay close to the normal 
calibration curve for Copper/Constantan thermocouples and as 
it was only intended to measure the wall temperature to the 
nearest 1°F this calibration curve was considered to be 
adequate*
4.2. ii. Gas Analysis Instruments* r
The Gas Sampling Probe (Fig.21) consisted of a stainless 
steel tube* 9” long and 0-110” o.d* x 0*078” i*d*, designed 
to be a slidng fit in the o.d. x 16 s.w. g. mild steel sight 
tubes which screwed into the top of the radiant tube. To 
the upper end of this tube was brazed a J” -o.d. copper tube 
long* surrounded for -2” of its length by a water-cooling 
jacket, also of copper tube (4” o*d. ). By this means the 
sampled gases were cooled below their reaction temperature 
as quickly as possible
The probe was held in position in the sight tube by means 
of the clamp shown in the diagram- This had two thumb-screws* 
one tightening on to the top of the sight tube and the other 
on to the probe. It was thus possible to take samples of 
gases from within the radiant tube at known positions on the 
verticals below the 8 sight tubes and so carry out vertical 
traverses of gas analyses across the flame front. A ninth
.-jew*
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sampling point was provided in the flue for the purpose of 
measuring the composition of the waste gases after combustion 
was complete.
The Gooderham Gas Analysis Apparatus is fully described 
by Gooderham in a series of papers and shown diagrammat-
ically in Pig-22- It is continuous in operation, the gas 
being drawn from the sampling system by means of a small 
electric diaphragm pump. The principle of operation of the 
apparatus is that the rate of flow of the sampled gas is 
measured with a soap-film meter and then the CO^ is removed 
by passage through a dry reagent so as to producerno appreciable 
pressure drop. The rate of flow is measured again and the 
difference between the two rates compared with the initial 
rate gives the % COg in the sample. The process is repeated 
for 0g and CO, the final reading indicating the % Ng (if no 
Hg or unburnt hydrocarbons are present).
The reagents used were as follows:-
COg - "Carbosorb", sodalime containing a greoi indicator 
which turns brown when the reagent is exhausted.. 
Og - Sulphided FegOg (preparation described
by Gooderham ) which returns from black to
brown when exhausted.
CO - !,Katz-Halpern,t reagent (Gooderham^44) and Katz
(45) v
& Halpern ) to oxidise the CO to COg which 
is the absorbed in sodalime.
Due to the acquisition of an Infra-Red-Gas Analyser for 
CO, the CO section of the Gooderham was not used. The
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Gooder.iam gave inconsistent readings at the high CO concentra­
tions which were found, in samples from the uhburnt gas above 
the flame front#
The Infra Red. Gas Analyser (MI#R*G# A- ”) was used, for 
CO analysis- Many references on the subject of analysis by 
me jins of infra red. absorption spectra are given in the review 
papers by Barnes & Gore^4^  on infra red spectroscopy* The
■>principles of the various types of instruments are described
(47) (48) (4 9 ) ( a M
by Delsemme * Luft 9 Callisen and Martin
The instrument used for this work was the Infra Red 
Development Company type SC/L which was fitted with two
■ r
sample cells* each having two concentration ranges* controlled 
by a switch. The long cell had ranges .0-0# 05$ and 0*03 - 
0*25$ and the short cell 0 - 5*0$ and 3*0 - 25*0$ carbon 
monoxide- The principle of operation is illustrated in Pig* 
23* The divided infra red beam passed through two cells, 
one containing the sample and the other air for comparison*
The detector consisted of two closed chambers containing pure 
CO separated by a metal diaphragm* Some of the band of 
wavelengths which can be absorbed by the detector are removed 
by the CO in the sample and so the two sides of the detector 
absorb different amounts of radiation. This difference in 
heat absorption sets up a pressure difference between the 
two chambers* thus causing the diaphragm to move*. The 
movement of this diaphragm was measured by the variation of 
capacity of a polarised condenser of which the diaphragm is 
one electrode#
— —  ........
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The makers advise that gas amples for CO analysis should 
he perfectly dry as the infra red absorption hands for CO and 
HgO overlap to some extent* In practice it was found that 
the cooling jacket on the sampling probe* followed hy an 
internal spiral Liehig condenser removed sufficient moisture* 
Most samples contained a fairly high CO concentration and so 
the effect of moisture was negligible*
It was found convenient to pass the gas samples., after 
condensing out moisture;, through the sample tube of the
I.R.G-A* and then into the Gooderham apparatus. By this 
means it was possible to use the pump fitted in hhe Gooderham 
apparatus to draw the gas through the I.R.G-AV Owing to
the high CO concentration in many of the gas samples it was
considered necessary in the interests of safety t© lead the
gas escaping from the constant level device of the Gooderham 
apparatus out through the laboratory window*
4*2.iii. Pressure Measuring Instrument*
An Ascot-Casella Micromanometer was used to measure the 
draught in the radiant tube at the sampling points Two 
thin walled copper bells are hung from the ends of a light 
balance beam into interconnected wells containing paraffin* 
Pipes connected to the pressure differential project upwards 
into the air spaces beneath the bells, thus causing one of the
bells to rise and the other to fall- The suspension of the
\
I balance beam is by means of a thin torsion strip which
[ eliminates friction troubles« A light arm attached to the
centre of the beam carries a transparent scale which is
iaiJsaff’a.aa*—  ---------------
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projected on to a ground glass screen at the front of the 
instrument* The scale range is 0-200 divisions (1 division 
= 0*00015" w#g*), position of balance being at a scale
reading of 100* The range of the instrument could be 
increased by placing riders on top of the bells, the maximum 
range being 0»7" w. g# on the pressure side and 0*4" w. g* on 
the suction.side. These limits were determined by the 
pressure at which the paraffin was either forced bdL ow the 
lower edge of the bell, causing air to bubble out* or when 
it was sucked up above the top of the air tube inside the bell.
4* 2* iv. Volume Measuring Instrument
G-as lexer - A positive displacement dry meter was used 
to measure the volume of gas supplied to the burner The 
capacity of the meter was 200 cu.ft./hr* and it was calibrated 
at the Watson House Laboratories of the North Thames Gas 
Board. When calibrated the meter read 2$ fast at low rates 
and up to 3\% fast at high rates- The appropriate corrections 
were applied to the experimental results.
4*2.v*. Calyx (Total Air Requirement) Burner.
This instrument measures the stoichiometric air/gas 
ratio for complete combustion a^ of a fuel gas without the 
necessity of analysing the gas. It was first developed by 
Brindley & Stephens v ' and the design of the burner construc­
ted for the present work is shown in Fig. 24. Air and gas 
are metered separately into the mixing chamber and then 
pass together up to the simple tubular jet through a bore
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tube 8” long in order to smooth out irregularities in the 
flow. Six jets of 5/32’% 3/16’% 7/32’% £’% 9/32” and 5/16" 
dia* mere made for reasons which will he discussed below*
The brass disc screwed to the base of the jet holder supports 
a 24” x 3” i.d* Pyrex tube by means of the standard ring 
flange and gaskets to make a gas tight joint. The top of 
this tube is almost- completely closed by means of an asbestos 
disc with a hole drilled in it so that a slight pressure 
is maintained round the burner* thus preventing back diffusien 
of air to the flame. The air for combustion is therefore 
supplied entirely as primary air and the flame is surrounded- 
by its own combustion products*
Brindley & Stephens described the appearance of flames 
produced under different conditions* ..With excess air the 
inner cone was lilac in colour and surrounded by a paler 
lilac envelope which changed to reddish at the top* If the 
air supply was reduced* keeping the gas rate constant* the 
outer envelope suddenly increased to about three times this 
original height and then slowly decreased again on further 
slight reduction of the air rate* This decrease was 
accompanied by the appearance of a small violet-blue flame 
at ^he base of the main flame* separated from it by a dark 
space. The intensity of this flame increased to a maximum 
and then decreased as the air rate was reduced still further* 
Brindley & Stephens called this flame ’’calyx” because of its 
resemblance to the calyx of a flower* Spectroscopic 
examination revealed only Sg lines (3369-4434®A). These
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(52)lines were also observed by Whittingham in bunsen
flames to which SOg had been added- Sg may be formed by
the reaction 2S0 pi SOg + iSg where there is a slight
deficiency of air* At the temperature of the flame the
system is nearly all SO and the dark space may be accounted
for by.the cooling required to produce S •
2
CO/COg measurements on the combustion products formed 
on the first appearance of the calyx indicated good com­
bustion with the minimum air requirement* Observations of 
the air/gas ratio under these conditions with fuel gases 
over a wide range of calorific values showed good agreement 
with calculated values of a^ thus suggesting the use of the 
burner for the direct determination of a ^
Hindley v measured the COg content of the products 
of combustion from a Calyx burner and found that the maximum 
did not coincide with the first appearance of a faint calyx. 
He stated that the ufading-in,f of the calyx would tend to
give low results for the maximum CO and that the threshold
2
visibility depends on the eyesight and experience of the
operator* These experiments were repeated by Bennett &
(54)
Harrison who pointed out that peak COg concentration
does not necessarily coincide with the theoretical mixture. 
The extreme range of error in the determination of a^ by a 
number of operators was + 1*5%» The end point corresponds
to the first appearance of a faint calyx becomes well 
developed after maximum COg is passed*
Practical Notes on the Use of the Calyx Burner - Great
difficulty was at first experienced in bringing the burner into use 
as it was found that under most conditions the flame became unstable 
when the secondary air supply was removed by putting the pyrex tube 
into place. Flames on the smaller jets were extinguished by lifting 
rapidly from the burner, and with the two larger sizes lighting 
back into the burner tube occurred. After experimenting with a 
large range of gas and air rates on each burner it was eventually 
found that stable flames could only be obtained on the 7/32" and -J-" 
jets, although even with these the flame tended to lift without 
warning if conditions were very far removed from +heoretical combus­
tion, or if the flow rate was too high. r
No information was given in the literature as to the method 
of lighting such a flame. It was found that if the flow rates were 
correct it was possible to fill the pyrex tube with the. air-gas 
mixture and apply a light to the top. The flame propagated rapidly 
down the tube and usually settled on the burner. The alternative, 
removing the pyrex tube and lighting the burner directly, was rather 
tedious as it was held by six bolts.
It was originally intended to use soap film meters to measure 
the gas and air rates but experiments carried out on meters 
constructed in the laboratory showed that the flow rates were too 
high. It would have been necessary to use meter tubes of about 1" 
dia. in order to obtain accurate readings and this would have made 
it difficult to form stable soap films with the equipment available. 
It was therefore decided to construct capillary meters by drawing 
°ut short lengths of glass capillary tubing. The pressure 
differential across the air meter was measured on a vertical water
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manometer which gave a reading of 7" w. g. for a flow rate of about 
8 cu.ft./hr., and that of the gas meter on a 1s10 inclined water 
manometer which gave a reading of 1.0" w. g, for a gas ratio of 1.8 
cu.ft./hr, A scale was fitted to the air manometer which showed 
the air/gas ratio directly when the gas rate was adjusted to give 
a reading of 1,00" on the inclined manometer.
The flame phenomena observed were essentially the same as those 
first reported by Brindley & Stephens except for changes in the 
inner cone. This shortened by about 50*/ us the air/gas ratio de­
creased from 5*0 to 4*0 at constant gas rate. At the same time 
the colour changed from an intense pale blue (excess air) to bluish- 
green (deficient air), the colour change coinciding with the increase 
to maximum intensity of the calyx.
For best results the burner should obviously be used in a 
darkroom but as this v/as not available the backboard of the instru­
ment vra.s painted black and the flame was screened by means of a 
piece of tinplate, blackened on the inside, placed round the jet, 
inside the pyrex tube.
4*2.vi. Aeration Test Burner (A.T.B.)
Test burner readings are used by the gas industry as criteria 
for representing the combustion characteristics of town gas. There 
are two basic types of test burner, both depending on the variation 
in height of the inner cone of an aerated flame with the quality 
of the gas and the degree of aeration. The first type of burner 
has fixed aeration and the cone height is measured (usually in 
millimetres). In the second type the degree of aeration is adjusted 
to give a set cone height. The Watson House Aeration Test Burner
ft +3
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is of this type, the standard cone height being ^  (19 mm.).
In the "Model A" burner described in the 4-Ohh an<l 42nd Reports
(55)(56)of the I.G.E. Joint Research Committee * the air supply was
varied by means of a disc divided into 100 parts working on a 32 
t.p.i, screwed rod below the mouth of the mixing cone. It was1 
found that this type of burner was useful over a much wider range 
of gases than the fixed type which with "soft" gases gave a lon^ 
faint cone of indeterminate height, and with "hard" gases the "roar 
point" was passed, giving short unstable flames which tended to 
light back,
(57)The 44"tk Report w,/ describes the improved "Model B" burnpr 
which is the type used in this work. The chief difference is the 
use of a sliding air shutter operated by a micrometer, one revolu­
tion of which corresponds to 10 A.T.B. units. A pointer on a 
secondary scale indicates the number of revolutions, 100 units 
corresponds to fully open, whereas with the "Model A" burner 
readings of over 200 were obtained. The value of an A.T.B. "B" 
unit is about twice that of an "A" unit. In some works the 
"Aeration Humber" is useds-
Aeration Humber = (1.6 x A.T.B.) + 8,0 
The mean A.H. for a gas of calorific value 500 B.t*u./cu.ft. is 
67 (Prigg A value of 50. indicates a "hard" cone and 85
a soft cone.
The instrument is shown in Fig, 25* The burner tube is 
•§■" i, d,, 12" long, and surrounded by a cooling water jacket over 
the whole of its length. The gas is supplied at a pressure of 
2iM w.g. through a governor at a rate of about 3*6 cu.ft,/hr.
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The burner is backed by a mirror which has a line across it at 
above the outlet so that the cone height can be adjusted accurately.
The front of the instrument has a glass panel to protect the flame 
from draughts and the air shutter is operated from outside the case.
The relationship between A.T.B. number and the composition of 
town gas is complex and the effects of various additives are described 
in (56). Inerts such as CO2 and air lower the A.T.B. number unless 
the C.V, is kept constant, when the number increases. H a f f n e r ( 5 9 )  
analysed the relationships betY/een A.T.B, number and specific gravity, 
ignition velocity, and air injection of burners. He also investigated
the effects of Debenzolisation and addition of Carburetted Water .
("
Gas and Blue Water Gas. Removal of benzole increases the A.T.B. 
number if the C.Y, is kept constant. The greatest single effect 
(a reduction) is caused by addition of C.W.G.
4.2.vii. The Bell-type Gravitometer measures the specific gravity 
of gas elative to air by first measuring their rates of effusion 
through a small orifice.
The open ended cylindrical vessel (Fig, 26) is sealed at the 
lower end by being immersed in a water bath. It may be filled-with 
either gas or air by means of two cocks connected to it by rubber 
tubing. As the bell fills it rises out of the water and carries a 
pointer over the scale. When the bell is full the cocks are closed 
and it falls under its own weight, the gas escaping through a small 
fixed orifice. The time is taken for the pointer to pass between 
the two marks on the scale starting with the bell filled v/ith gas 
and then, after purging out, the time for air is measured. Since 
the rate of effusion of a fluid through an orifice is proportional
to the square root of its density.
Gas Density (air = 1) = (Gas Time)^
(Air Time)
4.3, EXPERIMENTAL PROCEDURE
4*3*1* Preliminary Experiments.
4*3*11* Description of Flame.
4. 3* Hi* Limits of Laminar Flames.#
4, 3*1^* Effects of Gas and Air Rates#
4.3,v. Gas Analysis Traverses.
4«3*i* Preliminary Experiments . r
As a preliminary to the design of the complete apparatus the 
2” B.S.P# radiant tube and a vertical stack 411* high were set up 
without surrounding calorimeters or lagging, i.e. with direct afr 
cooling, Under these conditions the French workers had found, that 
incomplete combustion resulted, even with 100/6 primary air. Attempts 
were ma,de to entrain this air through two 4" diameter holes drilled 
in the -g-1 B.S.P. gas supply pipe, immediately after the pressure 
reducing- orifice, this being the basis of the French design. Little 
apparent improvement in combustion resulted however, and trouble 
was experienced with gas leaking out of the air holes. Ho effect 
on the structure of the flame was observed and it appears probable 
that very little air was in fact entrained. It v/as decided that 
later experiments should be carried out without primary air, 
irrespective of completeness of combustion. This eliminates a 
variable outside the scope of this work, which is not concerned 
with premixed flames.
51.
Both types of burner illustrated in Fig. 1 were tested on this 
apparatus. Use of the cylindrical type of burner did not greatly 
affect the appearance of the flame except for the first 6" in which 
the gas stream spread horizontally as it changed from circular to 
nD" section. As a mathematical diffusion theory could be more 
easily developed for the D-section burner no further work was done 
on the cylindrical burner.
4v3.il. Description of Flame
The most striking feature of the flame was its colour. As all 
the air for combustion was supplied as secondary air it had been 
anticipated that it would be yellow and highly luminous, but the 
yellow coloration was only observed in the first few inches of the 
flame. Along the remainder of the flame the colour became salmon- ' 
pink and then blue. At the edges of the flame, where it approached 
the tube wall,it was blue along its entire length. The edges of 
the flame did not touch the tube wall at any point but curved 
downwards to finish almost parallel to it, separated by 1-2 mm.
(Fig. 47 ( a) ), The edges \?ere quite sharp for the first 2-3 ft, 
from the burner and carried an uneven system of small standing 
waves, giving the effect of a curtain. The flame as a v/hole 
undulated slowly and fairly regularly (frequency shout 1 oscillation/ 
second) but this can be explained by slight fluctuations in the gas 
pressure since the manometer and other flames in the laboratory 
vibrated with the same frequency,
Salmon-pink and blue colorations in flames burning in vitiated 
atmospheres have been noted by various workers (Section 1.2,iii) 
but it appears unlikely that the air becomes sufficiently vitiated
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during the first few inches of the tube for this to he the only
(cause of the colours observed. Comerfor&rs workw  on soot 
formation (Section 1.2.ii*) showed that the luminosity of a stream 
of soot particles produced in a hydrocarbon stream is highly depend­
ent on the temperature to which the stream has been subjected, and 
also to the contact time. If the temperature is too low the
pyrolysis reactions which produce soot are very sIoy; and soot
( 1^ ^formation is inhibited. Wofhard & Parkesw  ' showed that the region 
of soot formation is distinct from the main reaction zone (or
actual flame front as opposed to the visible one), and is
on the fuel side of it. The necessary heat for pyrolysis must, as 
Comerford pointed out, be transferred from the reaction zone, but 
if the fuel stream is cooled by proximity to a relatively cold wall, 
as in the case under consideration, then the conditions will be 
unsuitable for soot formation and the flame will have a low 
luminosity. The blue colour is present in all hydrocarbon flames, 
and, in fact, shows the true reaction zone which is often invisible 
because of the incandescent soot particles behind it* The low 
yield of solid carbon in the flame was also demonstrated by the 
fact that very little soot was deposited on the tube v/alls or in 
the flue.
The shape of the flame was very similar to that predicted by 
the diffusion calculations in Part 3* (Pigs. 13 & 15) especially 
when allowance is made for the effect of temperature changes near 
the burner. ; The rapid rise in temperature as the gas leaves the 
burner results in a corresponding expansions Thus the temperature 
effects accentuate the "belling out” of the flame from the burner 
mouth which was predicted by the theoretical concentration contours.
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This is Illustrated in Figsi 43-5 where the "Stoichiometric Mixture 
Line" corresponds approximately to the flame front*
Over a wide range of conditions the flame divided into two 
separate streams near the tip* This is illustrated in Pig* 47 &n<l 
discussed in Section 5*3«iv.
4,3«iii* Limits of Laminar Diffusion Plames
No control of the secondary air supply was possible with the 
early arrangement and so an investigation of .the limits within which 
laminar flames were stable wad delayed until the complete apparatus 
Yrith variable forced draught was built* As no metering device for 
secondary air was fitted, and the gas analysis apparatus was not
C
available at the time, a semi-quantitative estimate of the air rate 
was made by measuring the draught in the tube at 10ft. from the burner 
by means of the micromanometer* It v;as found that, for a given air 
rate, there was a narrow range of gas rates in which a truly laminar 
flame could be obtained. At gas rates above and below this range 
the flame became increasingly turbulent, the onset of turbulence 
being accompanied by the appearance of luminous yellow patches on 
the "peaks"of the eddies, i.e. the parts projecting downward into the 
air stream. A possible explanation of these patches is that the 
flame front is removed temporarily from the cooling effect of the 
tube wall and so the gas temperature rises locally to that required 
for soot formation (Section 4«3*ii») The eddies were quite large 
and generally took the form of waves travelling along the flame front, 
being similar in appearance to those produced at the interface between 
two fluids having relative motion*
The transition from laminar to turbulent flow occurred over a
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relatively small range of flow rates so that it was possible to 
determine the upper and lower limits of laminar flames for both the 
0*2 and the 0*45 sq. in, burners. The procedure was to adjust the 
gas s.nd air rates to give a flame in either the upper and lower 
critical region and then allow conditions to settle down for a 
few minutes, after which any minor adjustments which became necessary 
were made to the gas rate. The gas rate was measured and the 
draught was read off the micromanometer scale when it had reached 
a constant value. The results are shown in Table 5 (a) for the
0.2 sq. in. burner and 5 (b) for the 0.45 sq. in* burner.
When plotted, the limits were seen to consist of two roughly 
parallel lines enclosing the area, of laminar flames. No apparent 
correlation ?/as visible between the limits for the two burners ?/hen 
the gas rates were plotted in cu.ft./hr. or in the form of Reynolds 
numbers. However, when velocities were plotted (Pig. 27) the 
limits obtained for the two burners coincided approximately. It 
can be seen that agreement is especially good in the case of the 
lower limit. The "necking" together of the two limits at a gas 
velocity of about 9 ft,/sec, led to further study of this region 
and it was found that two distinct forms of turbulent motion were 
present in the flame. At lower flow rates the flame, which was 
amooth and steady except for a regular wave motion along its length 
due to fluctuating gas pressure, became turbulent if conditions 
v/ere outside the critical limits. The second type of turbulence 
becomes apparent at higher flow rates, between the two limits,
1.e. in the "laminar" region. The eddies were smaller than those 
previously observed and were random in form as opposed to the
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wave type as before. Also the yellow patches were absent except 
at very hi.$i flowrates. The turbulence appeared to originate in 
the gas layer, being similar in appearance to a free gas flame at 
a jet in which Re is greater than 2,000. The transition to the 
other type of turbulence was still distinguishable although this 
became progressively more difficult as flov;rates were increased.
The appearance of this "gas layer turbulence" coincided with 
the necking of the two limits and the corresponding Reynolds numbers 
were in the range 2,000 - $ 9000 for both burners. This suggested 
that the "ga,s layer turbulence" was due to turbulence in the burner, 
while the "flame front turbulence" was thought to have been produced 
in the radiant tube. The fact that the limits for the two buruers 
coincided when the gas rates were plotted as velocities, together 
with the appearance of the flames, suggested that this form of 
turbulence was produced by shearing betYfeen the two layers due to 
velocity differences-. The upper limit would then be produced by 
the gas velocity exceeding the air velocity and the lower limit 
by the air flowing the faster. In the laminar region the shearing 
force produced would be insufficient to produce turbulence.
However, when the burner incorporating an air inlet (Fig. 20) 
was fitted.to the radiant tube no lower limit could be found and the 
upper limit was less distinct and marked by the flame tip oscillating 
up and down. If the gas rate was further increased the flame became 
extremely unstable and tended to blow out of the air inlet, G-as 
analysis, confirmed that this condition corresponded approximately 
to theoretical combustion conditions. It must therefore be assumed 
that the limits obtained previously were due to entrance effects 
which were eliminated in the modified burner.
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4,3*iv. Effects of G-as and Air Rates
For reasons which we discussed in Part 2 it was not considered 
desirable to embark on a factorial type of planned experiment, especially 
as this part of the work was of secondary interest to the gas analysis 
traverses inside the tube, described in the next section. Experiments 
were carried out under the following conditions
(D 3 rims at constant gas rate (45 c.f.h.) and different draughts;
(2) 3 similar runs with a gas rate about 53 c.f.h., the gas analysis 
traverses also being carried out on these runs;
(3) 4 runs with constant draught at 10 ft, (0.052" w.g.) at different 
gas rates, one run taken from (i) and one from (2)
(4) 1 run with both gas and air at maximum flow rates;
These nine runs each occupied a full day owing to the time necessary 
for steady state conditions to be reached. The burner was lit in the 
morning and the gas rate and draught adjusted. The I.R.G-.A. was also 
switched on as it required 1-2 hours to warm up. The flow of cooling 
Y/ater to the calorimeters was adjusted, so that the temperature rise was 
about 20°C in each. While the system was warming up the specific gravity 
of the gas was determined by means of the bell-type gravitometer and the 
A.T.B, number was also measured. The stoichiometric air/gas ratio a 
as indicated by the Calyx burner was found and the atmospheric temperature 
and pressure recorded for the purpose of correcting the gas rate. In 
the afternoon a flue gas analysis was carried out on the Gooderham 
apparatus and i.R,G-.A. and the calorimeter cooling water rates were 
measured. Lastly the e.m.f.!s of the tube wall thermocouples were 
measured by the potentiometer and the cooling water temperatures read.
Due to the time for the micromanometer scale to settle down the draught
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measurements could not be taken within a few minutes of each other but 
were read during the afternoon, between the other readings. The flame 
length was estimated by observation through the small sight tubes but 
the results are very approximate as the accuracy of measurement was * 1 ft. 
due to the spacing of the observation points 2ft. apart (except for flames 
greater than 8ft. long, when the spacing was 1ft.). This accuracy was 
reduced even more by the fact that most flames did not show a distinct tip 
but "faded out" over a distance of 1-2 ft. Little reliance can therefore 
be placed on the flame length readings,
4.3.v. G-as Analysis Traverses
Traverses were carried out inside the tube at each of the sight tubes 
for a gas rate of 53 c.f.h. and three different air rates (condition (2) 
above). Each traverse consisted of a complete gas analysis (CO, CO2 and 
Og) at 0, •§•,!:, 1, 1-g- and 2 in, measured from the top of the tube.
Measurements were not made at and 1J" as the low concentration gradients 
in the Lower half of the tube made this unnecessary.
Each experiment lasted for several days; the apparatus was allowed 
to warm up in the morning as described in the previous section and readings 
were taken during the rest of the day. On the first day of each experi­
ment the complete set of readings listed above was taken and the gas 
analyses were carried out on the subsequent days. . Readings taken on the 
first day were cross-checked at random during the remainder of the 
experiment to ensure consistency. The gas rate, A.T.B. number, a^ , and 
gas density were measured every day and the readings recorded are- means 
for the whole test. The secondary air rate was kept approximately constant 
by adjusting the draught at 10ft, from the burner to the same value each 
morning of the experiment, ?
Before each analysis it was necessary to purge out the whole gas 
analysis system with fresh sample, gas from the new position on the 
traverse. If there was a large concentration difference Between one 
sample and the next-fiis process took up to half an hour.
To ensure that this purging was complete each CO2 and O2 analysis 
on the Gooderham apparatus was repeated three times and the mean taken*
If these results differed By more than 0.2^ (the limit of accuracy of 
the apparatus) the readings were Repeated, It was observed that the CO 
reading on the I.R.G.A., which was connected in series with the Gooderham 
apparatus, fluctuated considerably under certain conditions. This 
was especially noted when the sampling probe was near the flame front 
and so was probably due to the flame front rising and falling with 
the wave motion already described. The instrument was very sensitive 
to rapid changes in concentration and would readily follow such 
fluctuations#
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P A R T  5 
D I S C U S S I O N  O F  R E S U L T S
The experimental results are presented in Tables 5-7* These 
are to he found at the end of the thesis, together with the graphs 
which are described under the appropriate heading below*
5*1* PRELIMINARY EXPERIMENTS (Table 5)
The discussion on these experiments, including the significance 
of the characteristics of flames and the limits of laminar flame^ 
shown by the earlier burner, is given in the chapter on experimental 
procedure (4*5.)
5.2. EFFECTS OF GAS AND AIR RATES 
5,2,i. 'A.T.B, Number anf Gas Density.
5*2.ii. Calculation of A/G from D.F.G. Analysis.
5*2.iii. Heat Transfer & Tube Wall Temperature,
5*2,iv. ' Variation of Draught along the Tube.
5.2.V. • Flame Length.
5*2.vi. Experiments at Constant Gas Rate.
5.2.vii. Experiments at Constant Draught,
5*2.viii. Experiment at Maximum A & G.
5*2,i, A.T.B. Number and Gas Density (Table (6)
These results call for little comment except to point out the 
high gas density (0.520) and low A.T.B. No, (52,0) for experiment 
1(b). These figures suggest that a high proportion of Carburetted 
Water Gas has been added to the town gas in order to maintain the 
supply at peak loading (this experiment was carried out in January).
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The remaining results lie in tl© range 0.407 *- O.463 density and 
33*4 - 38,4 for A.T.B.
5*2.ii. Calculation of A/G from D.F.G. -Analysis (Tahle 7)
The following is a mean analysis of the town gas sent out from
Nine Elms Gas Works during the period of the experiments, calculated
from data supplied by the North Thames Gas Boards-
co2 3.04/05 o2 0.60/5 hc4hq" 2.90/5 h2 53.94/5 00 13.82/5
C2H6 1.32/5 CH^' 19.50/5 N2 4.88/5 Mean S.g. = 0.428.
Hence, Moles C / 100 moles gas = 50.60
" H2 " " = 108.50
» 02 m m  „ 10#45
Theoretical 02 required = 99*4
Theoretical air/gas ratio, a^
= 2 2 l 1 x 100 = 4.50
0.21
Dry Flue Gas produced by theoretical combustion of 100 moles of 
gas consists ofs-
C02 50*60 moles.
H2 378*9 moles.
Total D.F.G. produced 429*5 moles
c Theoretical CO  ^ = 1 1 , 8 /
This figure can also be calculated from the actual flue gas
analysis by substitution of the measured concentrations in the
following formula from Spiers^^s-
Theoretical C09 = 21 (CO? + CO) 5.2, (1)
* 21 - 02 + 0.395 CO
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Any inaccuracies in the analyses show up in this calculation, which 
thus provides a check on the accuracy of the measurements. The 
values obtained were in the range 11*3 - 12,6/ with a mean of 11*9/ 
which compares very favourably with the figure of 11*8 from the 
N.T.G.B. data.
The ratio of air supplied to gas supplied, A/G, can be calcul­
ated either from an oxygen balance or by a carbon-nitrogen balance 
as follows:-
Og balance (per 100 moles D.F.G.)
0^ supplied as air = 21/79 ^ 2
0^  used in combustion = 21/79 ^  “ ^2 ~
A/G = a. ( 21/79 ”2 .)_
(21/79 h2 - (o2 - ioo)
1 - 5.76(02 - ico)/B2
G balance
50*6 G = (CO + C02) D.F.G.
D.F.G. = 50*6 G
CO + co2
Ng balance
0*64 ^2 
CO + co2
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These formulae both depend on the measured content of the 
flue gas. This figure cannot be relied on as it includes the 
accumulated errors of the other three analyses together with any 
unburnt gas Y/hich may have escaped absorption, Eliminating from 
5.2.(2 & 3)s-
1L
A/s - at + 2.4 °2 ~ ^ 00 5.2,(4)
CO + C0„
In calculating A/G from the experimental results using the 
above formula a^ has been assumed throughout to be 4*50 as determined 
from the H.T.G.B. data since this figure corresponds with that for 
the total carbon content of the town gas used in this calculation. 
Values of a^ taken from individual town gas analyses varied very 
little from this figure whereas those measured on the Calyx Burner 
were considerably lower,' probably due to the fact that the instrument 
was not used in a darkroom and so an incorrect endpoint was obtained, 
5*2,iii. Heat Transfer & Tube Wall Temperature (Tables 8 & 9)
The theoretical derivation of heat transfer from the tube to 
the calorimeters in terms of tube wall temperature has been considered 
previously (section 3,2.) and plotted in Pig. 16, On this graph 
is also shown the measured heat transfer for each calorimeter in
C
the 9 runs plotted against the corresponding mean tube wall 
temperature irrespective of distance from the burner. It is seen 
that at any given temperature the measured heat transfer is greater 
than the calculated figure with the exception of the four lowest
■V
points. This discrepancy can be accounted for by the fact that 
heat transfer to the inner flanges separating the annular air spaces
(see Pig. 19) was neglected in the calculations. The radiant heat 
transfer would not he affected since this was based on the tube 
wall area and a high effective emissivity (0#94)« I1*16 cooling
surface for convective heat transfer is increased by about 10$ in 
the 24" and 20$ in the 12M calorimeters but the increase in area 
alone is insufficient to account completely for the discrepancy, 
which is of the order of 30$ °f the convective heat transfer.
However, the coefficient for heat transfer to a vertical plate is 
appreciably higher than that to a horizontal one, or between two 
horizontal cylinders. It is reasonable to assume, therefore, that 
the remaining discrepancy between calculated and observed values 
is due to a higher rate of heat transfer to the flanges. As an 
approximation the calculated convection coefficient is increased 
by 30$ and the resulting total heat transfer curve is assumed to 
be the "best curve" for the experimental results.
The results of individual experiments are plotted in Pig, 28-31 
which show the distribution of heat - transfer coefficient along 
the tube, Due to the "scatter" of these results, shown in Pig,16, 
curves drawn through these sets of 5 points do not give a true 
indication of the shapes of the heat transfer distribution curves. 
This shape is better shown by a plot of tube wall temperature against
c
tube length as there is less scatter in the thermocouple readings, 
also there are 8 points on each curve instead of 3* ' In order to 
obtain a "mean value" for each heat transfer reading the temperatures 
were converted to the corresponding "expected" heat flux by means 
of the experimental curve, Fig. 16. This method was used since 
only one replicate of each test was carried out and would not be
6 4*
necessary in a complete factorial experiment. The curves are all 
of the same general form, the heat transfer increasing with distance 
along the tube up to a maximum!and then falling off again# In 
Experiment 4? maximum gas and air rates, (Fig. 51) the maximum 
heat transfer is reached at about 7’? just before the end of the 
calorimeters. Most of the results lie in the range 1000 - 1500 
Btu/ft.hr. (5-600°F) which confirms the French claim that the 
temperature variation along the tube is relatively small and this 
has great practical significance.
5*2.iv. Variation of Draught along the tube (Table 10)
Results of the individual experiments are plotted in Figs. 51-4* 
Once again these are very similar in form, the draught increasing 
slowly at first and then more rapidly'towards the middle of the tube, 
after which the slope decreases, frequently to less than the inftial 
slope. Since the density of a gas decreases linearly with its 
temperature and its viscosity increases approximately as temperature 
to the power 0.8, it follows that for a homogeneous mixture the 
pressure gradient will be proportional to the mass flow rate and 
the absolute temperature to the power 1.8 (assuming streamline 
flow). In the case under consideration the gas is far from being 
homogeneous, even at the level of the pressure tappings but this
c
proportionality may be expected to hold approximately. If this is 
the case the position of maximum gas temperature will also have the . 
maximum pressure gradient 'and hence a point of inflection on the 
curve. This point of inflection has already been noted and does, 
in fact, coincide with the maximum heat transfer in several cases.
In an attempt to correlate draught with total gas flowrate 
(A + G), this quantity has been plotted in Fig. 35 against the 
"mean draught". This is a mean of the draught readings except 
that for 1 ft. since this is more subject to variations due to 
entrance effects and also the remaining 5 readings are at the same 
intervals of length (2ft.). This concept of "mean draught" is 
intended only to give some indication of the type of correlation, if 
any, existing between ear and gas rates, and the draught. It is 
not meant as an estimate of the true draught at any point, but is a 
means of reducing the "scatter" which is obtained in these results. 
Similar curves are also obtained by plotting the individual readings 
for a given position on the tube but the random fluctuations are more 
marked. The "step" at a flowrate of about 350 cu.ft./hr. corres­
ponds to a Reynolds number of about 5000 (based on air at 60°F), 
Allowing for the effect of temperature this point could be the start 
of the critical flow region (Re » 2000), in which case all the 
flowrates recorded above 350 cu.ft./hr. -would be in the critical 
region, which accounts for the apparent anomaly of a decreasing 
pressure drop for increasing velocity. (if a mean gas temperature 
of 1000°F is assumed the corresponding Reynolds number for air is 
about 800. It is clear that when account is taken of the complex
r
mixture and temperature distribution this could very well be the 
critical point).
5*2.v« Flame Length (Table 6)
As mentioned previously the measurement of flame length was 
only approximate due to the size and positioning of the sight tubes 
and also to the diffuseness of the flame tip under some conditions.
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For this reason it is impossible to make an accurate quantitative
assessment of this set of results but it will be readily apparent
from the graph of L against G- (Fig, 36) that the effect of air'
rate is opposite to that predicted by the diffusion theory developed
earlier. The deviation of run 3(c) is discussed under section
5#2#vii# below. A11 approximate correlation is given by the
following empirical relationships-
L = 0.02 (AG)°‘6 5 .2,(5)
which predicts all the experimental results within the limits of
error in estimation except for run 3(a) where the observed length
was and that given by the formula is 7*4 ft#
. This deviation from the theory may be due to a combination
of several factors. Firstly, it was assumed in the derivation of
this theory that there is no momentum transfer between the two gas
(25)layers. This is unlikely to be the case in practice as Barrv ■J 
pointed out (see section 1,2,i.)? an increase in the air rate 
will also result in an increased gas velocity at the interface and 
so produce a longer flame if the contact time remains constant.
The assumption of constant diffusion coefficient is also in error 
since the effects of increased values of D at elevated temperatures
are not completely counteracted by the higher gas velocities. The
c
e.ffect of increasing the air rate is to reduce the mean temperature •
in the tube. This results in a reduced diffusion coefficient
which once again tends to increase the flame length* This
reduction in apparent diffusion coefficient was noted in the
(22)discussion on Barr’s experimental results in Section 1*2.1.
No account has been taken of variations on the diffusion coefficient
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along the length of the flame due to the changing gas composition 
which may also he affected by the air/gas ratio, or of the different 
diffusivities of the various components of a complex mixture such 
as town gas.
5«2.vi, Experiments at Constant Gas Rate ( (1) & (2) )
Both sets of heat transfer curves (Pigs. 28 & 29) illustrate 
the cooling effect of excess air on the gases in the tube resulting 
in a reduction in the rate of heat transfer on increasing the air 
rate. The upper curves are both at very low excess air rates and 
it will be seen that the maxima are more prominent and occur nearer 
to the burner than in the other cases. It would appear that the 
effect on the rate of oxygen diffusion of a reduced pressure gradient 
at the lower air rate is more than counterbalanced by the increased 
diffusion coefficient at the higher mean gas temperature and so 
combustion proceeds more rapidly with a correspondingly greater 
heat release in the early part of the tube. This effect has already 
been discussed in terms of flame lengths in the preceeding section.
The draught results for these two experiments are plotted in 
Figs. 32-3* Little can be added to the previous discussion.
5«2.vii. Experiment at Constant Draught (3)
This experiment was primarily carried out to discover if either 
the air rate or the total flowrate (A + G) remained constant when 
the gas rate was varied under these conditions. The values obtained
for A + G are 354, 356, 320 and 3^5 cu.ft./hr. The figure of 320
is for run 1(b) which also happened to have the same draught. The 
exceptional gas density and A.T.B. number on this day were discussed 
in 5*2.1. where it was suggested that the town gas contained a high
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proportion of Carburetted Water Gas* This would modify the mass 
halances used in the calculation of A/G and also affect the 
combustion process and hence possibly the temperature conditions 
and draught readings*
The heat transfer increases with the gas rate, the effect bei:rg 
enhanced by the corresponding reduction in air rate. The peaks, 
of the curves shift to the right and not to the left at the lower 
a/G’s as in the experiments at constant G* This is due to the 
effect of gas rate on the flame length and it is interesting to 
note that in practically every run the maximum occurs at about J of 
the flame length. The maximum capacity of the system on a heat 
release basis appears to be about 55 cu.ft./hr. of gas as the curve 
for 66 cu.ft./hr. (5(a) ) is little higher than that for 54 cu*ft./hr. 
(5(b) ) and the main effect of increasing the gas rate to 89 cu.ft./hr. 
in experiment 4 is to move the peak farther to the right.
5*2.viii. Experiment at Maximum A & G (4)
The maximum throughputs of the system were 88.9 cu.ft./hr. of 
gas and 5^5 cu.ft./hr. of aia The peak of the heat transfer is 
only just attained within the calorimeter section (at about 'Jfte) 
and as mentioned above, occurs at about ■} of the flame length.
The variations on the draught curve are probably due to random error
c
as the micromanometer scale was oscillating over quite a wide range 
in this run.
t
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5.5. GAS ANALYSIS TRAVERSES
5«5.i. Introduction.
5*5*ii. Test 2(a), Minimum Air Rate.
5#5*iii. Test 2(c), Maximum Air Rate.
5*5*iv. Test 2(b), Intermediate Air Rate.
5*3*Va Comparison with Diffusion Curves.
5.5* i* Introduction.
These measurements were made under the three sets of conditions 
of Experiment 2, at constant gas rate, described above. The 
concentrations of COg, CO and 0^ in the tube are plotted as verti­
cal traverses at each of the sample points in Pigs. 57-9 and as 
horizontal traverses at 0" (top), -J-M, •§•”, -f-”, 1" and 2" (bottom) 
in Figs. 40-2. Prom these are derived the concentration contours 
shown in Figs. 45-5*
5#5.ii* Test 2(a), Minimum Air Rate (Table 11(a) )
Conditions in this test corresponded approximately to theoretical 
air supply. The distribution of the sampled gases in the tube are 
discussed separately belows-
CO^ - The maxima in the vertical traverses (Fig.57) correspond
~ r
closely to the theoretical mixture line on the concentration contour 
plot (Fig. 45) indicating the production of CO^ at the flame front 
and its diffusion in both directions into the gas and air layers.
The concentration gradient appears to be greater in the air layer.
This is probably due to thermal diffusion in which the heavier 
component (CO^ ) tends to diffuse more rapidly towards the cooler
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conditions, i.e. downwards into the air layer. This effect will 
he assisted hy gravity in this case. A maximum of about 10g$ CO^ 
is reached on the zero excess air line at y = 6ft. suggesting that 
COg is being formed by combustion up to this point - the observed 
flame length is 5ft.
CO - A maximum concentration of 21$ CO is reached at the top 
of the tube at y * lift. The contours show a downward bulge at 
y = 1ft. of considerably greater prominence than was indicated by 
the theoretical diffusion curves (Fig. 15)* ^he concentration 
falls of in an exponential type curve horizontally and slowly at
first vertically, then fairly steeply until it reaches .1$ CO.
<r
The zero excess air line is followed closely by the 1$ CO con­
tour (Fig. 58) until this doubles back on itself at 8ift. to meet 
the bottom of the tube at 6ift., the 2$ curve behaving in a similar
manner.
It will be seen from the vertical traverses at 8 and 10 ft. 
that there is a greater concentration of CO at the bottom of the 
tube than at the top, with minima at x = •J” and respectively.
This increase in CO concentration is associated with a similar 
increase in the total carbon content of the gas samples which 
suggests that the explanation is physical rather than chemical, i.e. 
unburnt gas is leaking down the sides of the tube - it is obviously 
not passing down the centre or the concentration change would be 
apparent from the gas analyses. It is suggested that this is due 
to downward convection currents at the sides caused by the relatively 
cold tube wall. Since the flame is "quenched” at the tube wall 
these gases would not have passed through the flame front. This
phenomena also occurs to a lesser extent in Test 2(h) ?/here the 
air rate is higher and in 2(c) (maximum air rate) the effect is 
only slight. The increased air rate would reduce the "quenching” 
at the tube wall by virtue of the higher 0^ concentration and so 
reduce the possibility of unburnt gases leaking past the sides of 
the flame. Dilution of such gases by air would also be expected^to 
contribute.
0^ - The contours are similar to those for CO with the 1$ 0^
contour following the zero excess air curve. The doubling back of 
the CO contours is also followed, i.e. the ’’valley1' in the CO is 
accompanied by a ’’ridge” in the 0^ which.is, however, about -J-” lower
C
Test 2(c). Maximum Air Rate (Table 11(c) )
COg - The concentration distribution is similar to that for 
Test 2(a) and the zero excess air line once again follows the peak 
concentration up to 9ft, where it bends upwards to the top of the 
tube. The maximum concentration is 12$ CO^ at 7ft* * the observed 
flame length being also 7ft. Due to the higher air rate the 
concentration in the lower half of the tube is reduced and the 1^ 
contour is pushed back from 5‘i'ft. at the bottom of the tube in 2(a) 
to 8ft. The contours are more closely spaced, which is compatible 
with the reduced diffusion coefficient at the lower gas temperatures 
CO - These results are also similar to those for 2(a) except 
that the contours are again more closely spaced. The downward 
bulge at y s 1ft. is more pronounced than before. The maximum 
concentration (25$ CO) is higher than before and is reached at 2ft., 
once again at x » 0.
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- Once again the contours follow a similar pattern to those
for CO. The 1$ Og contour and zero excess air line almost coincide.
Test 2(h), Intermediate Air Rate (Table 11(b) )
COg ' - The results are intermediate between the other two tests 
except that there is a more pronounced peak concentration (11$) 
which occurs at 8ft., level with the tip of the visible flame.
CO - The build up of CO at the bottom of the tube with a 
minimum nearer the top is similar to that noted in Test 2(a) and 
discussed above, but is less marked.
jOg - Apart from the 20$ contour there is little comparison 
with the other tests. No concentration of less than 4$ was found,
even in the gas layer, compared with values of down to 0.2$ in the
other cases. These anomalous results affect the position of the 
zero excess air line so that it does not cut across the maxima on 
the COg curves and follows the 12$ CO contour instead of the 1$.
It had been noticed that over a wide range of conditions the 
visible flame, instead of retaining the D - section of the burner, 
tended to separate into two parallel streams as shown in Fig. 46*
It is evident that samples on a vertical diameter will not give a 
true measure of the average composition at any given level in the 
gas layer. In fact, 'the tendency will be for the samples to contain 
less gas and more air than the mean value. This is borne out by 
the fact that mass balances over the vertical traverses indicate 
a higher total oxygen content and less C than are found in the flue 
gas. In this test, however, the discrepancy is considerably more 
than in 2(a) and 2(c).
(a)
FIG. 46 THE FORMATION OF FORKED FLAMS TIPS
0>) (0) (a)
It appeals most unlikely that there was a consistent error in 
the O^ analysis for this test only. The two possible sources of
error are inefficient absorption by the reagent and a leak in the
sampling system. . The first can be ruled out since it would result
in a lower measured concentration than the true one. A leak would
lead to extra air being drawn into the system but an increase of 4$
in the 0^  concentration would require 19^ of the sample to be air.
If this were the case the highest measured 00^ concentration (l1i0$^ )
would have a true value of 13*6^ which besides being higher than
any reading in the other two tests, is well above the calculated ;
value for a stoichiometric air/gas mixture (11.8$)• If a leak
occurred after determination of CO^ the opposite effect would result,
although any error would be slight because of the low pressure in
the apparatus.
Assuming then that the analyses can be relied upon, the only 
explanation which seems at all probable is that the separation of 
the flame into two "tongues" is more complete in this test than in 
the others. r The formation of these tongues may be explained as 
follows. At the outer edges of the flame "quenching" of the burning 
gases occurs due to the cooling effect of the wall. The CO^ produced 
at the edges, being heavier than air, and also cooled by contact with
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the wall, sinks to the bottom .of the tube, setting up the convection 
current discussed above. This process is assisted by thermal 
diffusion and since the large ^ temperature difference between the 
flame front and the tube wall occurs over a very short distance the 
temperature gradient and hence the rate of removal of CO2 from the 
reaction zone is likely to be very high. This being so the combus­
tion will still be rapid although the rate of reaction is reduced by 
the cooling effect of the wall causing the flame front to curve 
round nearly parallel to the tube wall and 1-2 mm. from it as described 
in (Fig.47)* The falling to the bottom of the tube dis­
places air which rises in the centre. The middle of the flame front 
is thus in a rising current of air and so will tend to be displaced 
upwards. This will be accompanied by.an increased rate of reaction 
due to the greater 0  ^supply and also to the fact that the flame 
front is initially a comparatively long distance from the tube wall ; 
so quenching effects will be minimum. Due to this increased rate 
of reaction the gas will be used up more rapidly in the middle and 
the flame front will recede to the top of the tube, from the two i
"tongues".
This convection of air would account for the increased 0^ 
concentrations observed at.the sample points in the middle of the 
tube. At high air rates the convection would be reduced by 
the lower mean temperature at the bottom of the tube increasing 
the density difference between the two layers, which are thus less 
likely to mix. Also the higher average gas velocity would reduce 
the "residence time" so that a convection stream of the same 
velocity as before would produce less circulation. At low air
«a«iMilUlul»ilikilMIMliuia«IMUl<iMflia«IWtaiiwiMU>«lww.WUrtiHlhiilMhMhl^
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rates the tube wall temperature is higher and so the quenching is 
reduced, thus allowing the flame front to approach closer to the 
wall at its edges and reducing the downward convection of CO^ * It 
is reasonable to suppose that at some intermediate air rate these 
effects are at a minimum thus leading to a maximum circulation rate 
which would account for these anomalous results.
5*3*v. Comparison with Diffusion Curves
It will be apparent from the above discussion that a vertical 
traverse at the centre line is not a reliable indication of the 
mean concentrations at any given level. It is therefore impossible 
to reduce the three-dimensional diffusion problem to two dimensions.
It has also proved impossible to calculate back from the gas analyses 
to obtain C^, the theoretical concentration of fuel gas if no combus­
tion takes place. This is because town gas is a complex mixture of 
components having widely differing diffusivities. Also in the early 
stages of combustion much of the carbon is present as hydrocarbons 
which were not estimated in the analyses. However, at the flame 
front (defined by Burke & Schumann"as the locus of the point where 
gas and air are in stoichiometric proportions for complete combustion) 
these differential effects will be minimum and it has been possible in 
Tests 2(a) & (c) to plot the zero excess air line, corresponding to 
the theoretical flame front.
Comparison of Figs. 43-5 with the theoretical concentration con­
tours (Figs 13 & 15) shows a marked similarity in form although as 
stated above a quantitative comparison cannot be made. The effects of 
the temperature of the gas stream on modifying the shape of the flame 
( and also the concentration contours) in the early part of the tube
has been discussed in Section In the discussion on flame
length (section 5*2*v.) it was shown that the effects of air rate 
were considerably less than the diffusion theory predicted and 
reasons for this were suggested.
P A R T  6
S U M M A R Y A N D C O N C L U S I O N S
An exploratory investigation has been made into the system in 
which town gas burns with a laminar diffusion flame inside a 2 inch 
diameter radiant tube. The D-section burner was similar to that 
developed by Gaz de France and the gas pressure was reduced by means 
of a circular orifice before admission to the burner. In order to 
reproduce the normal operating conditions as nearly as possible the 
sectional calorimeters were not directly in contact with the radiant 
tube but separated from it by an annular air space. The French system
used 5®f° primary air to ensure complete combustion in the tube but 
for the purpose of this study it was decided not to consider primary 
air as a variable even if incomplete combustion resulted.
The interdiffusion of gas and air in this system was investigated 
mathematically on the lines of earlier work by Burke & Schumann and 
Barr with a view predicting the gas concentration at any point in the 
tube and also to find a theoretical relationship between flame length 
and gas and air rates. In order to retain two-dimensional mathematics 
it was necessary to consider a tube having a rectangular instead of 
circular section. Otherwise* the as'sumptions were as stated by 
Burke & Schumann and modified by Barr to include the general case 
where gas and air rates are independently variable. The diffusion 
equation for this system iss-
78.
After substituting "boundary conditions the general solution is:- 
E~ ±  s i n ^ '  1 exp(_i« 2 2
ir
c ,  1  “ 1  s in  M 2 ' oos 2 S  D m r y x
? n X" X" . vgX"2 '
2 2+ aVa exp (-Dn ir y. ) 
lVg ( VaX"2 )*
■ jL X* aVa vj
2 x» iVg Ci - 2 -,)
This equation was solved numerically and plotted for various values 
of Va/Vg. From these plots it was possible to deduce values of 
the parameter DL/Vg in terms of Va/Vg from which the following 
expression for flame length was derived:-
L = 0.47 G , G x1*62
D  ^ A }
The experimental work was mainly devoted to a semi-quantitative 
comparison of these predicted concentration distributions and flame 
langths with practical results but some time was spent on a prelimin­
ary investigation into the properties of the system* It was 
observed that the flame, although burning without primary air, had 
a low luminosity and carbon formation appeared to be negligible.
This was attributed to the close proximity of the tube wall which 
cooled the zone above the flame front below the temperature at which 
the pyrolysis reactions resulting in soot formation could occur.
It was found that a truly laminar flame could only be obtained 
within fixed limits of gas and air rates. These limits were 
measured and, when plotted in terms of gas velocities, showed good
2
correlation between results obtained using burners of 0*2 and 0.451^ 
cross-section. This suggested that the turbulence was due to 
relative motion between the air and gas layers* However, a 
modified burner (of O.Jin cross-section) incorporating an air inlet,
79.
produced no turbulence except at high gas rates, when flow in the 
burner itself was turbulent (Re > 2000). It was assumed that the 
turbulence obtained previously-had been due to entrance effects and 
this line of investigation was not persued further, the modified 
burner being used for all other experiments.
Since the air supply could not be metered directly, the draught 
at 10ft. from the burner was taken as one variable and gas rate as 
the other. The following experiments were carried outs-
(1) Three runs at constant gas rate (45 c.f.h.) and different draughts.
(2) Three similar runs with gas rate of 55 c.f.h. Measurements 
were made of gas compositions inside the tube under these 
conditions.
(5) Four runs at constant draught and different gas rates.
(4) One run at maximum gas and air rates.
The heat transfer between the tube and the calorimeters was 
compared with calculated values and found to be in reasonable agree­
ment with little scatter. The results were mainly in the range 
1,000 - 2,000 B.t.u./ft.hr. (approx. 2-4,000 B.t.u./ft. .hr.) 
corresponding to tube wall temperatures of 5-600°F. In all runs 
the heat flux and temperature rose fairly steeply during the first 
two feet of the tube and then reached a fairly flat maximum. This 
confirms the French claims that the temperature distribution was 
uniform along the tube. As the air rate was reduced these maxima 
became more pronounced and moved nearer to the burner, and, as was to 
be expected, the temperatures attained were higher. The effect of 
increasing the gas rate (and reducing the air rate to keep the draught 
constant) was to move the maxima downstream, with corresponding
80.
increases in heat flux and temperature.
Owing to the limitations of the apparatus estimation of flame 
lengths was approximate but it became apparent that an increase in 
air rate at constant gas rate was accompanied by an increase in 
flame length and not a decrease as had been predicted by the diffusion 
theory. With one exception the experimental results are correlated 
within the limits of measurement bys- 
L = 0.02 (AG)0*6
It was predicted that the pressure gradient at any point would be 
proportional to the absolute temperature to the power 1*8. Since 
no measurements were made of the temperatures inside the tube it was 
impossible to verify this. However, it was noted that the maxima 
on the heat flux curves coincided approximately with points of 
inflection on the draught curves.
The shape of the gas composition curves was in good agreement 
with the diffusion theory predictions but, as with the flame length 
results, the effect of changing the air/gas ratio was considerably 
less marked.. In two of the three runs it was possible to construct 
a theoretical mixture line which followed approximately the shape of 
the flame front. In the first few inches the visible flame spfead 
below the level of the burner and then gradually rose towards the 
top of the tube. This was shown also by the theoretical mixture 
line and, to a lesser extent by the diffusion theory curves. The 
slight difference was due to expansion of the gas leaving the burner 
which is neglected in the diffusion calculations. In the third run 
a very high (> 5$) o2 concentration was found in the gas layer along 
the whole length of the tube. Since errors in analysis of this
81.
magnitude seemed unlikely it was suggested that the effect was due to 
circulatory currents caused by the downward convection of COg at the 
edges of the flame which may become appreciable only at certain flow 
rates. Due to these anomalous results the theoretical mixture 
line did not give any indication of the shape of the flame front 
although both the COg and CO contours were similar to those obtained 
from the other experiments.
■ It will be seen that although the diffusion theory predicts the 
shape of the flame front and gas concentration contours it is 
completely at fault in estimating the flame length. This is in 
agreement with Barr's work on vertical cylindrical flames? over a 
small range of flowrates be obtained reasonable quantitative agree­
ment but outside this range there was a consistent error. The most 
important factor is probably the neglect of momentum transfer in 
this theory? an increase in air rate would also increase the gas 
velocity in the tube and hence the flame length, counteracting the 
increased rate of mixing. Also it was assumed that the effect of
temperature on the diffusion coefficient was counteracted by its
175 1effect on gas velocities. Since Dec T * and density ~  this is
obviously considerably in error. As the air rate increases the 
mean gas temperature and hence the diffusion coefficient will decrease, 
thus leading to longer flames. In a complex mixture such as town 
gas the effect of the changing gas composition along the tube cannot 
be neglected.
CONCLUSIONS
The following conclusions emerge from this works -
(1) A stable flame is obtained in the Gaz de France type of "radiant 
tube" for the complete range of gas and air flowrates, provided that 
the air/gas ratio is greater than the stoichiometrical value.
(2) A fairly uniform distribution of temperature and heat flux is 
obtained#
(5) The concentration distributions predicted by the diffusion 
theory show marked similarity to the distributions obtained in practice 
(4) This agreement is not quantitative because the errors introduced 
by neglecting momentum transfer in the mathematical analysis are too 
great#
Thus it would appear that there is scope for further work and 
a suggested programme \70uld be as followss~
(1) Further mathematical analysis to attempt to allow for the effects 
of momontum transfer*
(2) The parallel experimental work could take the form of a factorial 
experiment'with air and gas flowrates as input variables?
(3) The effect of primary air on the completeness of combustion 
should also be investigated?
(4) There would also appear to be scope for an examination of the 
structure of flames in a radiant tube# Such ?rc>rk could conceivably 
be carried out on a flame burning in a pyrex tube.
Derivation of the Diffusion Equations 1,2, (1 & 2)
1/. Across a Cylindrical Boundary
I
Fig# 48
Consider the diffusion of a gas radially 
outwards from the axis of a, cylinder (Fig.48).
The rate of diffusion at radius r is proportional 
to the area, 27rr/unit length, and to the 
concentration gradient. Hence, if Q, is the 
amount of gas contained in unit length of the ■ 
cylinder, radius r s-
6t
2*rrD 8 c 57
where D is the coefficient of diffusion. ■
But Q = 2w rc.dr
Hence S Q, 
§r
o
2 77T C
(1)
(2) 
(3)
Eliminate Q, by differentiating (1) with respect to r and (3) with 
respect to t. and subtractings-
84.
2/- Across a Plane Boundary
Consider nov^  the gas diffusing across a slab of
cross-sectional area S, taking the x-axis in the 
direction of flow and perpendicular to S(Fig.49)
v x->
As before,
FIG. 49
La
5 t
IS 8c 
81 (4)
and La
8X
cS
Hence, eliminating Q, as above*-
£c.
8* 8x2
( 5)
1.2. (2)
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A P P E N D I X  2 
GENERAL- SOLUTION OP THE DIFFUSION EQUATION 1.2,(2)
As shown above (Appendix=l) the diffusion equation for a gas 
diffusing across a rectangular slab, or as described by Burke 
& Schumann^®), for two gases issuing from rectangular parallel' 
duets iss-
D & J 1  (1)
8* “ Sx2
Assuming that the velocity is constant in the region of the flame 
front, y = Vt. The diffusion equation can then be written?-
6c D 6' c2 (2)5y - V 5x2
The general solution of a partial differential equation of this 
type iss-
C * S (A cos X x + B sin X x) exp.( pX2ny) (3)g v n n n . . n 7 > --t;— * <
s n«0 ( Yg )
(considering the diffusion of gas downwards through the flame front), 
A 9 B , & X are constants which must be determined by substitution 
of the end conditions, which are as follows?-
C = Gq, 0 < x <X« , y = 0
0 = 0 X' < x <X", y = 0
5c = 0  ' at x = 0 and x = X”
On substitution of these conditions into equation (3) the following 
equations are obtained?-
(0 < x <X!) 0 = 2 (A cos X x + B sin X x) (4)v 7 0 v n n n • n 7
(X‘< x <Xn) 0 = 2 (A cos X x + B sin X x) (5)v 7 v n n n n.7
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(x - X") 6c = 0
6x
S (-A x sin X X" + B x cos x X") exp* (~D x y) v n n ^n n'n . ^ v _*■£«// (6)
(x - 0) 5c = 0 = 2 exp*( I>_ X y).B X
8 x V n n n
(7)
From (7), Bn * 0
From (6), An^nsin\1XH = 0
(4) and (5) now simplify tos- 
(0< x < X*) G = 2 A cos mrx.' O T1 """**»1 x „
(X*< x<'X”)0 = s A cos nwx
n X"
X n n ir X"
which can he expressed as a Fourier series wheres-
X”
C cos n7rx dx + 1_ 
X'» X’■ / 0‘x cos n^X dx X"
(4a)
(5a)
= G sin nTrX*Q  1*1 i*. 11* r >
S? x"
A, f dx = C X*
J  1 °  0 J "
Hence, substituting these constants in (3)s-
' s
1 00 , 2 2 \
G = -JO X 1 _ C  5; 1_ sin nwX> cos n'irx exp.(-I)njrjr)
0 X" 7  i n X” X” V X"2*
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TABLE I - SAMPLE CALCULATION OF (for Dy/V = 0.05)
w n 00 1 e  ^sin q cos r 
2 = 2 -  
/
where,
2 2 2
p = n v  /X!f = 0.1254 n for Dy/V = 0.05 
Hy/v
q = n^ TX1 = 18 n0, r = nrrx = 90 nx° 
X" X"
1 e ~
n
P sin g. cos. r
Sign tijjiiX
n = 1 2 3 4 5 6 7
0
.271 .180 .089 .053 .009 .002
0
+ .584
0 • po
.258 .146 .052 .010
0 .001 0
+ .465
0.4
.219 .056
.016 .027 .009 .002
0 + .221
1.0 0
.180
0
.033
0
.002
+
.149
2.0
.<
*271 
_ .
.180
.089
.033
.009
.002 +
.154
TABLE 2 - NUMERICAL SOLUTION OF DIFFUSION EQUATION
Prom Equation 2.1. (33)
c„ = 0.05.+ g rr
Hence G is:- 
g
Dy/V
Vertical Distance, x (ins.)
0.0 0.2 0.4 1.0 2.0
,002 .393 .251 ,004 0 0
.005 .478 .250 .016 0 0
.010 .421 .249 .0 39 0 0
CMO• .340 .239 .087 .001 0
• 03 .236 .198 .120 .003 .001
.10 .172 .158 .119 .017 .001
.2 .124 .118 .096 .037 .002
*5 .079 ,078 .074 .030 .022
1.0 .058 .058 .056 .030 .042
TABLE 3 - FLAME LENGTH FUNCTION LL/Y
 -  , - .   -     —  - .........
DL/Vg Va/Vg LL/Vg Va/Vg DL/Vg Va/Vg
1 .0 .274 0.3 .376 0 .1 0 .938
0.9 .289 0 .4 .411 0.07 1 .1 6
0 . 8 .312 0.3 .471 0 .05 1.45
0.7 • 552 0 .2 .616 0 . 0 4 1.73
0 .6
.......
.360 0.15 .761 0.03 2 .0 6
TABLE 4 - HEAT TRANSFER TO CALORIMETERS (THEORETICAL) 
(by radiation and natural oonvection)
Temp.
Op
H0
Btu/ft/hr
Hr
.
ht
100 5 14 19
200 43 104 147
300 91 2 50 341
400 146 464 610
500 205 762 967
600 267 1177 1444
700 333 1715 2048
800 403 2425 2828
TABLE 5 (a)
LIMITS OF LAMINAR FLAMES (0.2 in? BURNER)
G . G m m  max
cu.f ■t./hr.
. V
s
f.p.S. i
I
Re
g
|
A*>10 
ins.w.g.
10 2 .0 570 0.013
17 5.8 960 .024
25 5.0 1410 .034
50 6 .0 1690 .045
58 7.6 2140 .048
44 8.8 248O .051
44 8.8 248O .055
47 9.4 2650 .061
I
16 5.2 900 .006
22 4.4 1240 .013
25 4. 6 1500 .016
26 5.2 1470 .022
58 7.6 2140 .035
47 9.4 2660 .041
49 9.6 2770 .049
50 10.0 2850 .049
52 10.4 29AO .050
55 10.6 3000 .051
54 10.8 3160 . 046
56 11.2 3160 .054
70 14 .0 5950
I. ....
.062
TABLE 5 (b)
LIMITS OF LAMINAR FLAMES (0.45 in? BURNER)
Gr . G m m  max
cu* ft«/hr.
V
g
f  . p • s •
Re
g A p 10 
ins. w.g.
14 1*3 570 0 .0 0 6
26 2*3 1050 .015
40 3*6 1620 .0 2 6
61 5*4 2470
CvJ
O
•
81 7 * 2 3280 .0 5 0
89 7*9 3600 *054
98 8*7 3970 *059
3 0 2.7 1200 .002
64 5*7 2590 .023
97 8*6 3930 .046
110 9*8 4460 *054
115 10 .2 4660 *053
120 10.7 4860 .060
If
TABLE 6.
SUMMARY OP EXPERIMENTAL CONDITIONS
!
Test G a/g A L
p e
A.T.B. at
No# c.f#h# 0. f .h. ft.
....
No.
T ■f -  rn~ „n.-Tr-*T
(Calyx) *
1(a) 4 6# 4 4.89 227 5 0.454 54.7
... . 1
4.52 j
(*0 45*1 6.42 277 6 .520 32.0 4.25
(o) 45.9 8.63 396 7 .465 55.6 4.27
2(a) 51.1 4.50 230 5 .407 38.4 4.24
(b) 55.5 5.65 302 7 .454 55.4 4.22
(c) 54.5 6.00 326 7 .446 35.4 4.28
3(a) 66# 0 4.56 288 9 .442 58.3 4.53
(b) see 2(b)
(o) see 1 (b)
(4) 38.8 8.39 326 5 .451 55.6 4.27
4 88.9 
;-----
4.55 585 10 .444 57.1 4. 24
TABLE 7*
CALCULATIONS FROM D.F.G. ANALYSIS
Test O O ro °2 CO N2 The or. a/g
No. 1° % io % C02
1(a) 9.8 2 . 6 1.53 86.1 12.4 4.89
(b) 7*4 7.1 0.9 8 4 .6 11.3 6.42
(o) 5.5 10 .7 0.71 83.3 11.9 8.63
2(a) 9.7 1 .2 2.4 86.7 12 .3 4.50
(b) 7.6 5.7 2.1 84 .6 12 .6 5.65 I
(o) 7.5 5.8 1 .0 85-7 11.5 6 .00
3(a) 8. 6 0 .8 3.0 87.6 11.4 1.36
(b) See 2 (b)
(o) See ' 0 >)
0) 5.6 10 .5 0.68 83.2 12.4 8.39
4 8.6 1.0 3.8
1
86. 6 12.1 4.33
! Ka) Posn,Top 470 555
♦
608 I 633
!
622 '607 576 544 j
i Side 458 528 595 ! 607 601 591 568 523
| Bottom 418 502 560 j 580 581 570 543 490
|
Mean 451 528 590 ! 607 601 590 564 520 j
00 T 468 539 565 ! 597 600 597 577 548 j
i S 430 506 550 ' 559 571 571 5 66 530 |i B 405 479 510 j 530 541 540 522 482 I
i
j Mean 430
5O5 544 !
...
562 571 565 558 523 I
...
(o) T 468 535 554 581 585 583 566 553
i S 437 495 533 538 550 550 540 523
B 397 468 495 512 520 520 | 502 473 |
Mean 435 498 529 542 551 551 537 518 J
2(a) T 488 580 622 655 65O 641 626 603
S 477 548 610 627 629 623 613 590 |
i B 438 522 578 602 612 607 591 5 4 6' ;
Mean 470 550 605
....
628 650 624 612 582 i
(D) T 469 546 582 619 628 633 632 607
S 457 517 577 597 6O7 617 614 577
B 416 496 539 568 585 592 587 540 j
Mean 450
....
520 566 595 607 615 612 578 j
(o) T 470 546 573 602 607 611 607 600 !
s 452 514 558 567 580 587 589 576
B 412 487 522 542 553 558 550 529
Mean-’ 447 515 553 570 580 591 589
.
570
3(a) T 461 535 572 612 625 638 636 617
s 450 518 572 594 610 621 625 601
3 411 493 539 571 592 602 602 559 |
Mean 443 516 564 593 609 621 622 595
(0
|
See 2(B)
; (o) Se e 1 ( b)
T 470 531 556 581 572 562 529 522 i
s 448 499 540 541 543 532 511 467
B 407 473 502 512 517 503 473 426
t
Mean 443 501 535 544 544 532 50 6 471
4 T 452 527 56O 595 615 635 647 653
s 432 503 550 572 587 611 635 639
B 396 476 517 541 564 583 602 589
i '
t— —
Mean
--------
428 502 544 570 588 610 : 630
i
630
TABLE 9
HEAT TRANSFER TO CALORIMETERS
Test
No.
x (ft. ) 0-1 1-2 2 -4 4 -6 6-8 Total
1 (a)
j
\
:
Btu/hr. 
Btu/ft.hr.
■
910
910
1310
1310
2980
1490
3300
1650
2540
1270
11,060
Mean Temp. 451 528 598 595 542
(b) Btu/hr.
Btu/ft.hr.
670
670
1180
1180
2640
1320
2920
1460
2720
1360
10 ,130
Mean Temp. 430 505 553 568 540
(o) Btu/hr. 
Btu./ft.hr.
550
550
890
890
2320
1260
2680
1340
2600
1300
9,040
Mean Temp. 435 498 536 551 523
2(a) Btu/hr. 
Btu/f ■t. hr.
680
680
11 60 
1160
3500
1650
3400
1700
3100
1550
11 ,840
Mean Temp. 470 550 617 627 597
(b) Btu/hr.
Btu/ft.hr.
830
830
1310
1310
2980
1490
3540
1770
3560
1680
12 ,220
Mean Temp.. 450 520 581 611 595
(«) Btu/hr. 
Btu/ft.hr.
600
600
1090
1090
2500
1250
2900
1450
3000
1500
10,090
.... ..
Mean Temp. 447 515 561 585 580
3(a) Btu/hr, 
Btu/ft.hr.
800
800
124C
1240
2850
1425
3340
1670
3140
1570
11,370
I' Mean Temp. 443 516 578 615 608
w See 2 (h)
(c) See 1 (b)
3(d)
I
Btu/hr. 
Btu/ft.hr.
840
840
1170
1170
2580
1290
2520
1260
2180
1090
9,290
II Mean Temp. 443 501 539 538 488
4 Btu/hr,
Btu/ft.hr,
780
780
1210
1210
2820
1410
3170
1585
3600
1800
11,580
Mean Temp, 428 502 557 
j------
599 630
j
.... j
TABLE 10
VARIATION OF DRAUGHT ALONG TUBE 
(Results in Inches Water Gauge x 10^ )
1 ■
1
Test
No*
X (ft.) Mean
2-10
A G 
c.f*h*1 2 4 6 8 10
1(a) 119 158 200 279 515 321 250 275
(b) 144 170 259 412 502 508 570 320
(°) 280 515 402 524 703 755 555 442
2(a) 53 132 222 310 381 589 287 281
(b)■ 177
208 262 558 500 546 571 556
(o) 258 287 539 552 676 725 522 \ 380
3(a) 126 170 284 455 509 514 382 554
00 See 2(b)
(c) See 1(b)
(a) 141 218 503 471 510 516 404 565
4 147 251 321
■
511 58 6 750 484 474
TABLE 11(a)
GAS ANALYSIS TRAVERSES - TEST 2(a)
X
\  (ins*)
y \
0
(Top)
1
4
1
2
3
4 1 1 2 2
1 co_ 5.4 5.7 5.6 5.9 2.8 0.1
°2 0*3 0*5 0.1 9.7 20.3 20.5 21CO* 19.1 18.1 12.0 5.5 0.03 - -
2 CO, 4.1 4.5 4.0 4.5 5.6 0.5 -
°2 0.8 0.5 0.2 0.5 7.5 19.9 21CO 19.7 17.4 8.1 5.2 0.03 - -
4 C09 4.8 5.0 6.6 7.9 7.2 1.7 0.4
°2 0.8 0.5 0.2 0.5 7.5 19.9 21CO 9.7 7.6 4.0 1.9 0.04 ( 0.01 mm
6 CO, 7.5 8*2 10.2 10.8 8.8 4.1 1.5
°2 0,3 0*5 0.2 0.5 5.5 12.8 16.1.CO* 4.2 5.7 1.8 0.6 0.5 0.5 0.2
8 C0o 9.0 9.6 10.4 10.2 9.5 6.1 5.7
°2 ■ 0.1 0.5 0.4 ■1.9 5.4 6.9 5.9.
CO 2.3 ■1.7 0.55 0.13 0.3 2.1 5.2
10 co0 10.4 10*3 10.0 8.8 8.3 8.9 9.5
°2 0.9 0.8 1.1 2.1 2.2 1.7 1.6CO2
.
1.2 . 1.0 2.0 2.8 5.5 5.8 5.6
TABLE 11(b)
GAS ANALYSIS TRAVERSES - TEST 2(b)
X\7ins.
y x
(ft.)\
0
(Top)
i
4
i
sT 34 1 1—  ' 2 2
1 CO. 2.5 2.8 2.5 2.4 0.9 0.2
°2 4.7 4.4 5.4 7.2 16.2 20.6 21CO 18.2 18.4 9.7 3.1 - - -
2 C09 4.7 4-3 3.8 3.4 3.2 0.5
°2 5.2 5.4 5.6 6.2 12,8 20.5 21CO 21.7 21.5 16.8 7.7 0.03 - -
4 CO., 4.3 4.1 3.7 4.7 4.2 0.5
°2 5.6 8.1 7.1 7.5 10.1 20.3 21CO 10.5 9.9 6,2 1.8 0.03 r - -
6 CO. 5.6 6.1 7.3 7.3 5.8 1.8 ..
°2 6# 6 6.6 7.0 8.0 13.2 17.8 19.5CO* 6.0 4* 6 2.5 0.29 0.02 - -
8 CO. 8.6 9.5 11.0 10.5 10.4 2.4 0,8
°2 4.0 4.0 4.1 6.1 7.8 18,4 21.1CO* 4.0 3.0 1.1 0.3 0 .2 0.15 0.07
10 CO. 8.3 7.9 7.8 6.6 5.7 5.5 5.8
°2 6.9 7.2 7.7 8.4 9.5 8.7 9.2CO 1.35 0.76 0.3 1.0 2.1
—
2.1 3.45
.... . . .
TABLE 11(c)
GAS ANALYSIS TRAVERSE - TEST 2(c)
(ft.)
,-------- -------- X
0
(Top)
l
4
i • | 2 34 1 » 2 2
1 00, 5*8 3.8 4.0 ' 4.0 5.5 —
°2 0.7 0.8 0.7 0.5 0.8 21.0 21CO 20.0 20.0 18.0 9.3 1.7 - -
2 CO, 4*7 4.7 5.0 6.1 2.0 0.5
°2 0.9 0.7 0.2 1.1 14.4 20.8 21CO 25.2 20.5 10.4 1.0 0.01 - -
4 co , 5.6 5. a 7.6 7.5 3.5 0.8
°2 0 .4 0.5 0.4 3.3 13.2 19.9 21CO 14.9 12.2 5.4 0.3 0.01 (' -
6 CO 7.8 9.1 11.0 8.4 5.7 1.0
°2 0.7 0.3 0 .4 4.7 10.2 19.9 21CO* 7.7 5.0 1.6 0.04 0.01 0.02 -
8 CCL 9.2 9.7 11.6 10.0 7.4 1.8 ..
°2 0.8 0.7 0.5 3.4 8.1 16.6 20.0co* 4.3 5.8 1.2 0.06 0.05 0,15 0.02
10 co? 8.7 9.2 10.2 8.8 6. 6 4.2 1.4 -
°; 0.8 1.6 2.0 4.9 7.1 12.5 16.7
CO 2.7 2.1 0.67 0.24 O.51 O.67 0.58
i
